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INTRODUCTION 

The maceral s p o r i n i t e  is thought t o  be der ived  from spores and pol len .  Both 
s p o r i n i t e  and sporopol len in ,  t h e  i n s o l u b l e  c e l l  wal l  res idue  a f t e r  chemical t r e a t -  
ment, are considered t o  have a h ighly  polymerized, cross-linked a l i p h a t i c  s t r u c -  
t u r e  wi th  some aromatics (1-3). Many i n v e s t i g a t o r s  have endeavored t o  charac te r -  
i z e  t h e  physical and chemical na ture  of s p o r i n i t e s  (4-7) and sporopol len in  (8-11); 
however, t h e i r  chemical s t r u c t u r e s  have not  been wel l  defined. Furthermore, 
l i t t l e  is known about how sporopol len in  t r a n s f o r m  t o  s p o r i n i t e s  dur ing  t h e  e a r l y  
s t a g e  of c o a l i f i c a t i o n .  

The aim of t h e  present  study i s  t o  compare chemical s t r u c t u r e s  of an immature 
s p o r i n i t e  and i t s  precursor ,  sporopollenin.  In a p a r a l l e l  experiment,  t h e  t r a n s -  
formation of sporopol len in  i n t o  a s y n t h e t i c  s p o r i n i t e  has  been c a r r i e d  out  i n  the 
labora tory  us ing  thermal c a t a l y t i c  r e a c t i o n s  under condi t ions  of simulated ca ta -  
g e n e t i c  maturation. 

EXPERIMENTAL 
Samples 

Spor in i te .  A s p o r i n i t e  m a t e r i a l  separa ted  from a North Dakota l i g n i t e  (82% 
s p o r i n i t e  by pe t rographic  a n a l y s i s )  was t r e a t e d  wi th  5% HC1, and then  re f luxed  
wi th  benzene-methanol ( 3 : l )  f o r  24 hrs .  Total  e x t r a c t a b l e  material w a s  about 10 
w t %  of the  sample. Analysis of t h e  e x t r a c t e d  s p o r i n i t e  y i e l d s  t h e  fo l lowing  com- 
position: c l O # l  3#0.5°21' 

Sporopollenin.  Sporopollenin was  i s o l a t e d  from Lycopodium clavatum spores  
which were re f luxed  wi th  CHC13 (24 h r ) ,  and then  wi th  benzene-methanol 3:1, 
24 hr) .  lhe  y i e l d s  of t o t a l  e x t r a c t  and inso luble  res idue  were 55.4 and 44.0 w t % ,  
respec t ive ly .  The organic  so lvent  e x t r a c t e d  res idue  was then  hydrolyzed by 
r e f l u x i n g  with 6% KOH methanol-water (7:3) s o l u t i o n  f o r  20 hrs. A f t e r  removal of 
hydrolyzates,  t h e  r e s i d u e  (25 w t X  from t h e  o r i g i n a l  spore) was  f u r t h e r  t r e a t e d  
with 72% H2S04 a t  0"-4"C f o r  12 h r s ,  and then was refluxed wi th  3% H2S04 f o r  10 
h r s ,  f i l t e r e d ,  washed wi th  water and methanol. and dr ied.  The y i e l d  of 
sporopollenin,  ( C l o ~ 1 3 8 N o ~ 6 0 2 9 )  was 15.8 w t %  from t h e  o r i g i n a l  spore. 

Synthe t ic  Spor in i te .  Sporopollenin (0.5 g) and 4 g of f r e s h l y  a c i d  a c t i v a t e d  
montmoril lonite c l a y  were ground t o g e t h e r  and were then placed in a 25 x 2 cm i.d. 
tube. Af te r  evacuat ion ,  the  sea led  tube was i n s e r t e d  t o  a depth of about 5 c m  in 
a t u b u l a r  furnace and was heated a t  150°C f o r  2 months. 

After the  r e a c t i o n ,  the  mixture was e x t r a c t e d  with r e f l u x i n g  benzene-methanol 
(3 :1 ) ,  chloroform, and f i n a l l y  wi th  e ther .  To remove t h e  c l a y ,  t h e  so lvent  
Inso luble  res idue  was t r e a t e d  t h r e e  t i m e s  wi th  HC1-HF (1 : l )  by s t i r r i n r r  a t  room 
iemperature f o r  24 hours. The y i e l d  of s y n t h e t i c  s p o r i n i t e  -was 81 w i %  w i t h  a 
composition of ClooHl24N0. 1021. 



Pyrolys is  

A sample (-200 mg) was placed in a 20 x 1 cm i.d. q u a r t z  tube; a f t e r  evacu- 
a t i o n  the sea led  tube  w a s  i n s e r t e d  t o  a depth  of about 5 c m  in a preheated furnace  
a t  600°C and was h e a t e d  f o r  1 minute. The pyro lyza te  w a s  e x t r a c t e d  wi th  r e f l u x i n g  
benzenelnethanol ( 3 : l ) ;  t h e  y i e l d  w a s  genera l ly  38-55 w t X .  

Oxidation 

In genera l ,  a sample (0.3 g) was oxidized wi th  a two-step, buf fer -cont ro l led  
permanganate o x i d a t i o n  ( f o r  procedure see ref .  12-13). Before t h e  oxida t ion ,  in 
o r d e r  t o  p r o t e c t  p h e n o l i c  r i n g s  from d e s t r u c t i o n ,  the  sample was methylated with 
d imethylsu l fa te  -&. In genera l ,  t h e  y i e l d s  of ox ida t ion  products were about 58- 
79 w t X  f o r  a l l  t h r e e  samples. 

Charac te r iza t ion  and I d e n t i f i c a t i o n  Procedures 

All mass s p e c t r a  (GCMS, s o l i d  probe) were obtained on a KRATOS MS25/DS55 Data 
System. Sol id  probe d a t a  were obtained in a p r e c i s e  mass measurement mode. GC 
separa t ions  were made u s i n g  a 60 m x 0.25 mm bonded OV-1701 fused s i l ica  column 
temperature programmed 50-280°C a t  8"/min. S o l i d s  were evaporated and pyrolyzed 
in t h e  source u s i n g  a d i r e c t  hea t ing  platinum f i lament  probe designed in t h i s  
labora tory .  

Sol id  1 3 C  s p e c t r a  were recorded a t  2.3 T (25.18 MHz f o r  13C) on a Bruker 
Instruments spec t rometer ,  Model CXP-100, in t h e  pulse  Fourier transform mode with 
quadra ture  phase d e t e c t i o n .  The ceramic sample sp inners  had an  i n t e r n a l  volume of 
300 UL and were spun at approximately 4 kHz. Operating parameters in cross- 
p o l a r i z a t i o n  experiments included a s p e c t r a l  width of 10 ktk,  a 90' proton pulse  
width of 4.2 U S  (60 kHz proton decoupling f i e l d ) ,  an  a c q u i s i t i o n  time of 20 m s ,  a 
p u l s e  r e p e t i t i o n  t i m e  o f  1 s and a t o t a l  accumulation of 1000 t r a n s i e n t s .  In  a 
t y p i c a l  experiment, 200 W of memory was a l l o c a t e d  f o r  d a t a  a c q u i s i t i o n  and was 
t h e n  increased to 4K (ZK r e a l  da ta )  by z e r o  f i l l i n g .  Before Four ie r  
transformation of t h e  da ta .  t h e  in te r fe rogram w a s  mul t ip l ied  by a decreas ing  
t r a p e z o i d a l  window f u n c t i o n  a f t e r  t h e  f i r s t  20 d a t a  points.  

I n f r a r e d  s p e c t r a  were obta ined  by t h e  KBr d i s k  method using an IBM-O98/4A 
P T I R  spectrometer.  

RESULTS AND DISCUSSION 
FTIR and NMR 

Sol id  )C-CP/PIAs and PTIR s t u d i e s  i n d i c a t e  t h a t  sporopol len in ,  s y n t h e t i c  
s p o r i n i t e  and s p o r i n i t e  are h i g h l y  a l i p h a t i c .  Both n a t u r a l  and s y n t h e t i c  
s p o r i n i t  samples showed very s i m i l a r  FTIR s p e c t r a :  t h e  absorp t ion  band near 
1710 cm-' is due t C=O s t r e t c h i n g  of carbonyl and carboxyl groups. The weak band 
a t  around 1615 cm-' may b e  due t o  t h e  presence of aromatic r ings.  

The 13C-CP/MAS s p e c t r a  of raw spores ,  i s o l a t e d  sporopol len in ,  s y n t h e t i c  
s p o r i n i t e  and North Dakota s p o r i n i t e  are shown in Figure  1. The spectrum (a)  of 
raw spores i n d i c a t e s  t h e  wide v a r i e t y  of carbon s t r u c t u r a l  types which a r e  
present .  lhe  most prominent f e a t u r e  is t h e  broad absorp t ion  found in the  
a l i p h a t i c  reg ion ,  -15-50 ppm. Sharp resonances appearing at  75 ppm and 105 ppm 
a r e  t y p i c a l  of po lysacchar ide  s t r u c t u r e s .  I n  addi t ion .  t h e r e  a r e  two o t h e r  
resonances of lower i n t e n s i t y  found in t h e  a l i p h a t i c  C-0 region. -50-70 ppm. The 
low-field reg ion  c o n s i s t s  of s e v e r a l  unsa tura ted  carbon resonances (1 10-150 ppm) 
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and a reasonably broad absorp t ion  centered  a t  175 ppm which i s  t y p i c a l  of 
a l i p h a t i c  e s t e r  groups. 

Solvent e x t r a c t i o n  of t h e  raw spores  followed by base (KOH) treatment 
produces an inso luble  mater ia l  whose s o l i d  13C spectrum (not  shown) is devoid of 
resonances i n  t h e  low-field region. Fur ther  c h a r a c t e r i z a t i o n  of t h e  s o l u b i l i z e d  
m a t e r i a l s  by s o l u t i o n  13C-NMR and MS i n d i c a t e s  t h a t  they a r e  l a r g e l y  l i p i d  
s t r u c t u r e s  comprised of unsa tura ted  f a t t y  ac ids .  Subsequent t rea tment  of t h e  
inso luble  mater ia l  with H2S04 produces a s o l i d  res idue  which we t e r m  
sporopollenin.  Its 13C spectrum (b)  shows t h e  a d d i t i o n a l  diminution i n  t h e  sharp  
resonances a t  75 and 105 ppm, prev ious ly  assigned to  carbohydrate carbons. What 
apparently remains i s  a highly a l i p h a t i c  polymer conta in ing  a r e l a t i v e l y  high 
proportion of a l i p h a t i c  C-3 f u n c t i o n a l i t i e s  (presumably a l i p h a t i c  e t h e r  or 
a l i p h a t i c  hydroxyl groups),  and a smal l  amount of unsa tura t ion .  These unsa tura ted  
s t r u c t u r e s  are presumed t o  be o l e f i n s  which had been formed v i a  dehydration of -OH 
groups during H2S04 treatment.  

Sporopollenin can be readi ly  transformed in t h e  presence of c l a y s  a t  150'C 
i n t o  an inso luble  m a t e r i a l  whose s o l i d  13C spectrum (c)  c l o s e l y  resembles t h e  
spectrum (d)  obtained f o r  a n a t u r a l  (North Dakota l i g n i t e )  s p o r i n i t e  sample. 
There has been a s i g n i f i c a n t  reduct ion  i n  t h e  number of a l i p h a t i c  C-0 groups with 
t h e  concomitant appearance of new resonances i n  t h e  unsa tura ted  carbon region 
(110-155 ppm). A t  p resent ,  we a r e  not  c e r t a i n  whether t h e s e  new resonances a r e  
aromatic or o l e f i n i c  i n  nature. The f r a c t i o n  of unsa tura ted  carbon ( f U )  
determined f o r  spectrum ( c )  and (d)  is a l s o  comparable: fu=0.21 f o r  n a t u r a l  
s p o r i n i t e  and fu=0.23 f o r  s y n t h e t i c  s p o r i n i t e .  

Oxidation 

As shown in Figure 2, a two-step, buf fer -cont ro l led ,  KMn04 o x i d a t i o n  of both 
n a t u r a l  and s y n t h e t i c  s p o r i n i t e s  gave q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  s i m i l a r  
products. Major products were unbranched d icarboxyl ic  a c i d s ,  whi le  branched 
d icarboxyl ic  ac ids  and t r i c a r b o x y l i c  a c i d s  were a l s o  i d e n t i f i e d ,  but i n  much lower 
concentrations.  A l i p h a t i c  monocarboxylic a c i d s  were not de tec ted ,  cont ra ry  t o  
previous r e p o r t s  on s e v e r a l  o ther  s p o r i n i t e s  (4)  and kerogens (14-15). This would 
seem t o  imply t h a t  our s p o r i n i t e  samples do not  have p e r i p h e r a l  long-chain a l k y l  
groups. However, sporopol len in  y ie lded  only minor amounts of two monocarboxylic 
a c i d s ,  C The aromatic a c i d s ,  benzene- and phenol-carboxylic a c i d s  were 
present in low amounts i n  a l l  t h r e e  samples. 

and C18. 

It is i n t e r e s t i n g  t o  note  t h a t  a f t e r  methylation wi th  dimethylsulphate-$, 
t h e  oxida t ion  of a l l  t h r e e  samples produced a mixture of methoxy-5 and regular  
methoxy benzenecarboxylic acids .  This i n d i c a t e s  t h a t  sporopol len in  and s p o r i n i t e  
samples conta in  both hydroxy and methoxy benzene d e r i v a t i v e s  a s  s t r u c t u r a l  
un i t s .  ?he EMS ana lyses  of t h e  oxida t ion  products from a l l  samples showed 
methoxy-L3 d e r i v a t i v e s  a r e  always predominant: OCD3/0CH3 r a t i o s  f o r  s p o r i n i t e  
-9.4, s y n t h e t i c  s p o r i n i t e  -8.6 and sporopol len in  -2.9. 

While t h e  y i e l d s  of unbranched d icarboxyl ic  a c i d s  f o r  s p o r i n i t e  and s y n t h e t i c  
s p o r i n i t e  were m c h  h igher  than those  of branched d icarboxyl ic  ac ids  ( s e e  Figure 
2 ) ,  sporopollenin produced r e l a t i v e l y  l a r g e  amounts of branched d icarboxyl ic  a c i d s  
toge ther  wi th  some keto-dicarboxylic acids .  Most of t h e s e  branched a c i d s  were 
mono- or di-methyl d e r i v a t i v e s ,  but  i soprenoid  a c i d s  were not  de tec ted  i n  any of 
t h e  samples. 

' h e  oxida t ion  of s y n t h e t i c  s p o r i n i t e  produced higher y i e l d s  of aromatic 
acids, i n  p a r t i c u l a r  benzenepolycarhoxylic a c i d s  ( t r i - ,  t e t r a - ,  and penta-), 
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compared wi th  t h a t  of sporopol lenin.  It is obvious t h a t  t h e  thermal c a t a l y t i c  
r eac t ion  promoted a l t e r a t i o n  of t h e  SpOKOpOlhIin S t r u c t u r e  by dehydrat ion,  
condensation, aromatizat ion.  e tc .  The Kat io  Of a l i p h a t i c s / a r o m a t i c s  i n  the 
oxidat ion products  became c l o s e  t o  t h a t  of n a t u r a l  s p o r i n i t e .  These t rends  a r e  
t y p i c a l l y  observed f o r  t h e  t ransformation of p l a n t  biopolymers t o  geopolymers, 
such as coa ls  and c o a l  macerals. 

Py ro lys i s  

As expected. t h e  major products  obtained from t h e  py ro lys i s  of both n a t u r a l  
and s y n t h e t i c  s p o r i n i t e s  ( see  Figure 3) were long chain alkanes and alkenes. 
Benzenes, naphthalenes.  i n d a n e s / t e t r a l i n s  and phenols were minor components. On 
the o ther  hand, py ro lyza te s  from sporopol lenin were q u i t e  d i f f e r e n t .  The most 
abundant products  ob ta ined  were naphthalenes,  while o the r  aromatics  were a l s o  
found i n  s i g n i f i c a n t  amounts. However. t h e  ox ida t ion ,  NMR and FTIR s t u d i e s  
c l e a r l y  showed t h a t  t h e  sporopol lenin has a highly a l i p h a t i c  s t r u c t u r e .  

Achari e t  a l .  (8) have reported t h a t  t h e  pyrolyses  of s e v e r a l  sporopol lenins  
show the  presence of t y p i c a l  carotenoid degradat ion compounds, i nc lud ing  ionene 
and var ious naphthalenes i n  t h e  products. I n  c o n t r a s t  w i th  the  observat ion by 
Achari e t  a l . .  (8) Schenck and coworke r s  (10) have found benzene and phenol 
de r iva t ives  from t h e  p y r o l y s i s  of Lycopodium sporopol lenin.  However, there  was 
very l i t t l e  evidence f o r  the  presence of naphthalenes. 

Although we have c o n s i s t e n t l y  f a i l e d  t o  d e t e c t  ionene. which is  the most 
important degradat ion product from 6-carotene. s i g n i f i c a n t  amounts of var ious 
napthalenes have been i d e n t i f i e d .  We do not  know, a t  present ,  why OUK r e s u l t s  
d i f f e r  from those ob ta ined  i n  two o ther  l a b o r a t o r i e s .  Perhaps, one reason f o r  
t h i s  discrepancy is t h a t  OUK sporopol lenin sample was obtained using a milder 
i s o l a t i o n  procedure (KOH-HzS04) than the  procedure (KOH-H3P04) employed by o t h e r s  
(2,10). In  any case ,  spo ropo l l en in ,  which is  a highly a l i p h a t i c  polymer, produces 
considerably more aromatics  than a l i p h a t i c s  under pyro lys i s .  It i s  known t h a t  the  
pyro lys i s  of polyenes. i nc lud ing  non-conjugated polyenes, produces aromatic and 
Cycl ic  hydrocarbons (8,16-17). Hence, t h e  a l i p h a t i c  s u b s t r u c t u r e s  of 
sporopol lenin may w e l l  have a s u b s t a n t i a l  number of o l e f i n i c  double bonds and/or 
a l c o h o l i c  OH groups. During pyro lys i s ,  such a l c o h o l i c  OH groups could easily 
dehydrate t o  form polyenes which rap id ly  aromatize p r i o r  t o  t h e i r  thermal f rag-  
mentation. 

SUMMARY 

Thermal r e a c t i o n s  of spo ropo l l en in  wi th  c lay  minerals  produced a geopolymer- 
l i k e  ma te r i a l  which c l o s e l y  resembles an immature s p o r i n i t e  i n  composition, 
py ro lys i s  and ox ida t ion  products .  and spec t roscop ic  p rope r t i e s .  Both n a t u r a l  and 
s y n t h e t i c  ( t ransformed sporopo l l en in )  s p o r i n i t e s  have highly polymerized, c ros s -  
l i nked  a l i p h a t i c  s t r u c t u r e s  con ta in ing  some benzene and phenol r i n g  systems. 
Several  o rgan ic  oxygen groups a l s o  have been i d e n t i f i e d  i n  these  polymeric 
m a t e r i a l s ;  they are a l c o h o l i c  and phenol ic  OH, methoxyl, carbonyl /carboxyl  and 
e ther .  Among these.  a l c o h o l i c  OH groups appears  t o  be predominant. 

Sporopol lenin is presumably transformed i n t o  immature s p o r i n i t e  by chemical 
r eac t ions  such a s  dehydrat ion,  hydrogen d i sp ropor t iona t ion .  a romat i za t ion ,  etc. 
Indeed. i t  is known t h a t  these  r e a c t i o n s  OCCUK during n a t u r a l  evo lu t ion  (18). For 
example, conversion of a l coho l s  t o  o l e f i n s  and t o  a lkanes ,  o r  of cycloalkenes t o  
cycloalkanes and t o  aromatic  hydrocarbons. i s  known. Polymerization o r  
condensation of o l e f i n s  involves  the formation of aromatic r ings.  Many of these  
r e a c t i o n s  a r e  promoted by a c i d i c  c a t a l y s t s  such a s  n a t u r a l  c lay  minerals. 
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me presen t  s tudy g ives  some i n s i g h t  i n t o  t h e  chemical s t r u c t u r e s  of an  
immature s p o r i n i t e  and its p recu r so r ,  spo ropo l l en in ,  and the chemical t ransforma- 
t i o n s  l ead ing  t o  s p o r i n i t e  du r ing  the  e a r l y  s t a g e  of c o a l i f i c a t i o n .  
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THE EFFECT OF SOLVENT EXTRACTION ON THE REFLECTANCE OF COAL AND COAL-OIL MIXTURES 

BY 

B. Kybett,  J. Pot ter ,  M. E t t e r  and M. Krahe 

Energy Research Un i t ,  Un ive rs i t y  o f  Regina, Regina, Saskatchewan 545 OA2 Canada 

INTRODUCTION 

The commercial c l a s s i f i c a t i o n  o f  coal i s  o f t e n  based upon i t s  rank. Technolog- 
i c a l  proper t ies,  such as the p o t e n t i a l  f o r  l i que fac t i on ,  a lso vary w i t h  the rank o f  
the coal since t h i s  i s  a measure o f  the average chemical composition. Coal rank can 
be determined from the re f l ec tance  o f  the coal us ing a microscopic method. 

I n  many coal l i q u e f a c t i o n  processes the coal i s  co-processed w i t h  heavy o i l  o r  
p i t ch .  The s o l i d  residues from the process can con ta in  unreacted coal, p a r t i a l l y  
reacted coal in termediate products and semicoke. The semicoke could have been 
formed from the coal ,  the o i l  o r  p i t c h  o r  from the l i q u i d  products o f  the process. 
A de ta i l ed  pet rographic  ana lys i s  o f  these s o l i d  products can prov ide usefu l  
in format ion about t h e i r  nature and source. 

Petrographic ana lys i s  i s  done by mounting crushed coal o r  residues i n  epoxy 
res in ,  po l i sh ing  the sur face and examining i t  microscopica l ly  us ing r e f l e c t e d  l i g h t  
and o i l  immersion ob jec t i ves .  Any o i l  o r  p i t c h  present i n  the sample w i l l  d isso lve 
i n  the o i l  used t o  coat  the o b j e c t i v e  lens and both obscure the image and more 
impor tant ly ,  prevent accurate measurement o f  the re f l ec tance  o f  the sample. The o i l  
i s  usual ly  removed by Soxhlet ex t rac t i on ;  pentane, te t rahydrofuran fTHF) and toluene 
are the most common solvents,. 

One way t o  determine whether coal found i n  the s o l i d  residues i s  unreacted, o r  
p a r t i a l l y  reacted i s  by measuring i t s  re f l ec tance  and comparing t h i s  w i t h  the 
re f l ec tance  o f  the coal feedstock components from which they are derived. Changes 
i n  re f lectance are r e l a t e d  t o  changes i n  the composit ion ( rank)  o f  the coal .  A 
major problem (1) w i t h  t h i s  approach i s  t h a t  changes i n  re f l ec tance  may have 
occurred whi le  the coal was s tored as a s l u r r y  w i t h  the o i l  and/or dur ing the 
so lvent  ex t rac t i on .  

The so lvent  e x t r a c t i o n  process does not  appear t o  a f f e c t  the re f l ec tance  o f  
bituminous coals. Some previous observations seem t o  i n d i c a t e  t h a t  the re f l ec tance  
o f  the coal was a f fec ted  by the  o i l  or  by the so lvent  ex t rac t i on ,  bu t  t h i s  was not  
conclusive. A ser ies o f  experiments was done t o  d i r e c t l y  determine the  e f f e c t  o f  
soaking i n  o i l  and subsequent so lvent  e x t r a c t i o n  on the re f l ec tance  o f  low rank 
coals  (4 ) .  

RESULTS AND DISCUSSION 

Two l i g n i t e s  from southern Saskatchewan were used, from the Boundary Dam Mine 
(BDM-8) and the Coronach Mine (CM-8). They were o f  rank l i g n i t e  8, and were chosen 
as they contained r e l a t i v e l y  l a r g e  amounts o f  i n e r t i n i t e  and e x i n i t e  (Table 1) so 
t h a t  measurements o f  re f l ec tance  on a l l  three major maceral groups could be made. 
The coals were ground t o  l ess  than 20 mesh and separated, by r i f f l i n g ,  i n t o  seven 
samples. Three samples were mixed w i t h  heavy o i l  (L loydminster)  and s tored f o r  24 
days a t  room temperature and 30°C f o r  7 days. They were ex t rac ted  w i t h  a so lvent  
(Soxhlet method) u n t i l  the f i l t r a t e ,  a f t e r  the coal had stood overn ight ,  w i t h  
s t i r r i n g ,  i n  so lvent ,  was co lour less.  Three so lvents  were used, pentane (168 hours 
ex t rac t i on  t ime) ,  toluene (76 hours) and te t rahydrofuran (52 hours) .  Three coal 
samples t h a t  had no t  been t r e a t e d  w i t h  o i l  were so lvent  ex t rac ted  w i t h  the same 
solvents f o r  the same time. One coal sample was l e f t  untreated. 

The loss  i n  mass o f  the coals  dur ing the e x t r a c t i o n  process was determined f o r  
each sample. It was about 208, which i s  h igh J3), bu t  since .some o f  t h i s  l oss  was 
d e t o  handling there i s  no q u a n t i t a t i v e  s ign i f i cance  t o  the d i f f e rences  i n  the l o s s  
o'c mass. 
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TABLE 1 

PETROGRAPHIC ANALYSES (%) 

BDM-8 CM-8 

Humi n i  t e  72 56 
Exi  n i  t e  9 4 
I n e r t i n i  t e  25 21 
Mineral mat ter  10 3 

Reflectances 
The coals  were s e t  i n  epoxy r e s i n  and pol ished. Reflectances, a t  546 nm, were 

measured against  o p t i c a l  g lass standards us ing a L e i t z  Orthoplan-pol, MPV compact 
microscope/photometer system. A t o t a l  o f  100 random measurements were made f o r  each 
type o f  humin i te  and 75 f o r  the other ,  ra re r ,  macerals. The mean random r e f l e c t -  
ance, r a t h e r  than the maximum ref lectance,  i s  usua l l y  determined f o r  low rank coals 
because huminites and l i p t i n i t e s  are i s o t r o p i c .  

The re f l ec tance  o f  humin i te  i s  usua l l y  measured since i t  i s  the most common, 
and the most uniform, maceral. The r e s u l t s  f o r  dark huminite (eu-u lmin i te  A) i n  the 
CM-8 coal are given i n  Table 2. The ref lectances are quoted t o  3 f i gu res ,  bu t  are 
s t a t i s t i c a l l y  v a l i d  t o  two f i gu res  only. The re f l ec tance  o f  CM-8 has no t  been 
a f fec ted  by e i t h e r  e x t r a c t i o n  w i t h  a so lvent  or  by soaking i n  o i l  fo l lowed by 
ext ract ion.  

TABLE 2 

MEAN RANDOM REFLECTANCES, DARK HUMINITE 

BDM-8 CM-8 

Feedstock 
Pentane . 
Oil /pentane 
To1 uene 
O i  1 / to1 uene 
THF 
O i  1 /THF 

0.253 
0.262 
0.274 
0.292 
0.286 
0.289 
0.285 

0.246 
0.252 
0.254 
0.263 
0.265 
0.246 
0.247 

I 

There does seem t o  be a pa t te rn  o f  i nc reas ing  re f l ec tance  w i t h  seve r i t y  o f  
ex t rac t i on  (temperature o f  e x t r a c t  on and so l va t i ng  power o f  so lvent)  w i t h  the BOM-8 
coal ,  but  t he  v a r i a t i o n s  are w i t h i n  the average standard dev ia t i on  o f  0.03. There 
i s  some evidence from t h e  re f l ec tance  data t h a t  the dark huminite i n  BDM-8 feedstock 
consisted o f  two subgroups, w i t h  mean random re f l ec tances  o f  0.18 and 0.27. The 
amount o f  the lower re f l ec tance  subgroup decreased a f t e r  so lvent  ex t rac t i on ,  but  
again these d i f ferences,  w h i l e  consis tent ,  are we l l  w i t h i n  the s t a t i s t i c a l  e r r o r .  

Solvent 
ex t rac t i on  o r  soaking i n  o i l  had no discernable e f f e c t  on the mean random r e f l e c t -  
ance of any o f  these macerals. There i s  a general r e l a t i o n s h i p  between ref lectance 
and a romat i c i t y  (5). Solvent  e x t r a c t i o n  w i t h  pentane, toluene o r  THF, wh i l e  i t  
removed some coal ma te r ia l  (up t o  20%) from the low rank coals  had no e f f e c t  on the 
ove ra l l  degree o f  a r o m a t i c i t y  o f  the coal. 

Measurements were a l so  made on l i g h t  huminite, e x i n i t e  and i n e r t i n i t e .  

\ CONCLUSIONS 

The s o l i d  coal res idues from coal l i q u e f a c t i o n  processes o f t e n  show a change i n  
This  change i s ,  w i t h  low rank coals, n o t  due t o  soaking i n  o i l  o r  sub- ref lectance. 

( 
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I 
I: 

sequent solvent ex t rac t i on  t o  remove the  o i l .  
changes i n  these coal p a r t i c l e s  dur ing  the l i q u e f a c t i o n  process and can be used as a 
measure o f  the  seve r i t y  o f  the  reac t i on  t h a t  these p a r t i c l e s  have undergone. 

It i s  a measure o f  the chemical 
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'H NMR EVIDENCE TO SUPPORT THE HOSTjGUEST MODEL OF BROWN COALS 

Richard  Sakurovs, Leo J. Lynch and David S. Webster 

C S I R O  Divis ion  of F o s s i l  Fue ls ,  P.O. Box 136, North Ryde, N.S.W. 2113, A u s t r a l i a  

ABSTRACT 

Many groups have proposed a two-component molecular  s t r u c t u r e  f o r  brown coa l s .  This  
hypothes is  has  been i n v e s t i g a t e d  by i n  s i t u  'H NMR measurements du r ing  hea t ing  ( t o  
875 K) of a s u i t e  of Aus t r a l i an  and N e w  Zealand brown c o a l s ,  a set  of Morwell brown 
c o a l  l i t h o t y p e s ,  and e x t r a c t s  and e x t r a c t  r e s idues  of some of t h e s e  c o a l s .  The 
v a r i a t i o n  i n  t h e  behaviour  of t h e  c o a l s  du r ing  hea t ing  and p y r o l y s i s ,  a l though 
s i g n i f i c a n t ,  was no t  p a r t i c u l a r l y  s e n s i t i v e  t o  l i t h o t y p e  ranking  bu t  showed a s t r o n g  
c o r r e l a t i o n  wi th  a tomic  H / C  r a t i o .  The e x t r a c t s  were found t o  be f u l l y  mobilized i n  
t h e  tempera ture  r ange  470-700 K whereas the  r e s i d u e s  e s s e n t i a l l y  remained r i g i d  
molecular  l a t t i c e s  throughout  t he  hea t ing  and py ro lys i s .  This  behaviour was 
independent of t h e  l i t h o t y p e  and H / C  r a t i o  of t he  source  coa l .  The much h igher  H / C  
r a t i o s  of t he  e x t r a c t s  compared t o  the  r e s i d u e  materials a l low t h e s e  obse rva t ions  t o  
be explained ( t o  a f i r s t  approximat ion)  in terms of t h e  h o s t / g u e s t  hypo thes i s  
whereby the  c o a l s  a r e  composed of e x t r a c t  (gues t )  and r e s idue  ( h o s t )  m a t e r i a l s  i n  
d i f f e r i n g  p ropor t ions .  

INTRODUCTION 

Morphological v a r i a t i o n  i n  brown coa l  seams has  l e d  t o  ' l i t h o t y p e '  c l a s s i f i c a t i o n  
schemes. The c l a s s i f i c a t i o n  f o r  V ic to r i an  brown c o a l s  is based on the  co lour  of t he  
d r i e d ,  weathered c o a l  and ranges  from ' p a l e '  t o  'dark '  i n  f i v e  s t e p s .  A number of 
s t u d i e s  (1-4) have sought  t o  e s t a b l i s h  r e l a t i o n s h i p s  between l i t h o t y p e  and the  
composition, s t r u c t u r e  and p r o p e r t i e s  of the  coa l s .  Although t h e s e  s t u d i e s  have 
e s t a b l i s h e d  t h a t  major  chemical (2)  and phys ica l  (3)  d i f f e r e n c e s  do e x i s t  between 
t h e  extreme p a l e  and da rk  l i t h o t y p e s  wi th in  a g iven  seam, i t  has  not  been 
demonstrated t h a t  b a s i c  c o a l  p r o p e r t i e s  a r e  s i g n i f i c a n t l y  ranked by t h e  l i t h o t y p e  
c l a s s i f i c a t i o n .  

Pa laeobo tan ica l  a n a l y s i s  of a l i t h o t y p e  s u i t e  (5)  has l e d  t o  t h e  sugges t ion  t h a t  t he  
p r i n c i p a l  f a c t o r  i n  producing l i t h o t y p e  v a r i a t i o n  was t h e  p r e v a i l i n g  dep th  of t h e  
water  t a b l e  du r ing  d e p o s i t i o n  and has shown t h a t  t h e  con ten t  of woody m a t e r i a l  and 
t h e  ex ten t  of  g e l i f i c a t i o n  dec reases  a long  the  sequence from da rk  t o  p a l e  
l i t h o t y p e .  Maceral  a n a l y s i s  of t h i s  l i t h o t y p e  s u i t e  (from the  LY1276 core ,  Latrobe 
Valley,  V i c t o r i a )  showed t h a t  t h e  p r i n c i p a l  d i f f e r e n c e s  i n  t h e  macera l  composition 
were i n  t h e  d i s t r i b u t i o n  of humini te ,  which was much g r e a t e r  i n  t h e  t h r e e  l i g h t e r  
l i t h o t y p e s ,  and i n  t h e  l i p t i n i t e  conten t ,  which w a s  s i g n i f i c a n t  on ly  f o r  t he  l i g h t e r  
l i t h o t y p e s  (5). 

,, 
NMR and i n f r a r e d  s p e c t r o s c o p i c  a n a l y s i s  of t h e  same l i t h o t y p e  s u i t e  and a set of 
l i g h t  l i t h o t y p e s  g i v i n g  a dep th  p r o f i l e  of t h e  same core  r evea led  t h a t  t he  main 
chemical v a r i a t i o n s  between l i t h o t y p e s  were h ighe r  a romat i c  and lower carbonyl /  
carboxyl  con ten t s  i n  t he  da rke r  l i t h o t y p e s ,  buc c o r r e l a t i o n  of t h e s e  c r i t e r i a  w i th  
l i t h o t y p e  ranking  was poor (6) .  By c o n t r a s t ,  o t h e r  s t u d i e s  (7,8) have shown t h a t  
d a r k  l i t h o t y p e s  have g r e a t e r  p o l a r  f u n c t i o n a l i t y ,  i nc lud ing  ca rbony l / ca rboxy l  
con ten t ,  than  the  cor responding  p a l e  l i t h o t y p e s .  Moreover, Hatswell e t  a l .  ( 4 ) ,  who 
s tud ied  t h e  l i q u e f a c t i o n  p r o p e r t i e s  of a range of l i t h o t y p e s  ( a l s o  from t h e  LY1276 
c o r e )  wi th  s i m i l a r  e l emen ta l  composi t ions  ( t o  remove any e f f e c t  of HIC), found no 
v a r i a t i o n  wi th  l i t h o t y p e .  It would t h e r e f o r e  appear t h a t  c o r r e l a t i o n s  between 
l i t h o t y p e  c l a s s i f i c a t i o n  and maceral a n a l y s i s  or chemical p r o p e r t i e s  are poor. 

Severa l  g roups  (1-3, 9) have cons idered  brown c o a l  s t r u c t u r e  a t  t h e  molecular  l e v e l  
and have sugges ted  t h a t  brown c o a l s  have two-component molecular  s t r u c t u r e .  
Hatcher ' s  p roposa l  ( l ) ,  based main ly  on "C c r o s s - p o l a r i z a t i o n  magic ang le  sp inning  
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NMR and infrared studies of peats and a range of other materials at different stages 
of coalification, is that coals are derived from a mixture of highly aliphatic 
sapropelic material of aquatic origin on the one hand and vascular plant-derived 
lignin residues on the other. 

Lynch and Webster ( 3 ) ,  in a preliminary study of the pyrolysis behaviour of brown . 
coal lithotypes, found a correlation between the thermal behaviour and H/C ratio of 
the coals and also noted a close identity between the proportion of the hydrogen 
mobilized during heating and that lost by volatilization below 800 K. It was argued 
that these observations were consistent with Hatcher's two-component structural 
model. 

Redlich et al. (9) separated a suite of brown coals with a wide range of H/C values 
into two fractions by heating the dried coal under nitrogen in the presence of 
decalin at 593 K for 1 h and, after cooling, extraction with dichloromethane. These 
apolar, non-hydrogenating conditions were thought to be sufficiently mild to avoid 
major decomposition of the coal and, essentially, to result in the extraction of 
physically bound aliphatic materials, although even at temperatures as low as 600 K 
some decarboxylation did occur. The decalin used in the dichloromethane extraction 
process could not be easily separated from the total extract, therefore the pentane- 
insoluble or 'asphaltene' part of the extract was studied. This treatment excluded 
the decalin together with the less polar species from the extract. The pentane 
insolubles accounted for 1 / 3  of the total extract. In all cases, the properties of 
the extracts and residues were found to be mostly independent of the source coal. 
The residue fraction, or 'host', was described as a phenolic, macromolecular 
material, probably lignin-derived, while the 'guest' (the dichloromethane-soluble 
fraction) was always predominantly aliphatic (fa -0 .3)  ( 9 ) .  
led to the conclusion that the differences in brown coal properties depend to a 
first approximation on the ratio of these fractions present in the coal. 

Verheyen et al. (6), as part of their study, separated lithotype specimens into 
alkali soluble 'humic acids' and insoluble 'kerogen'. The 'humic acids' accounted 
for -20% of the dark to -50% of the pale lithotypes, the actual quantities depending 
on the severity of the treatment. However, in contrast to the fractions separated 
by the method of Redlich et al. ( 9 1 ,  which yielded similar proportions of extract 
and residue, the properties of both the 'humic acid' and 'kerogen' fractions varied 
with lithotype and the H/C of the source coals. 

The preliminary study by Lynch and Webster ( 3 )  using the proton nuclear magnetic 
resonance ('H NMR) thermal analysis (PMRTA) technique (10). which supported the 
host/guest model, is extended here to a wider selection of brown coals (Table 1) 
including some New Zealand coals and the lithotype set from the LY1276 core studied 
by Hatswell et al. ( 4 ) .  The residues and pentane-insoluble extracts of some of the 
coals prepared by the method of Redlich et al. (9 )  were also examined. 

This lack of variation 

EXPERIMENTAL 

Whole coal samples were predried at 378 K under nitrogen. Samples of -200 mg were 
pyrolysed in open glass tubes, under flowing nitrogen, at a heating rate of 4 K/min 
to temperatures of 075 K in an NMR furnace-probe ( 1 1 ) .  Solid echo measurements of 
the proton NMR transverse relaxation signal, I(t), were made on the specimens at 
regular intervals during pyrolysis. 
corrected to account for the temperature sensitivity of the NMR measurement. (See 
Lynch et al. ( 1 0 )  for a more detailed description of the techniques used.) 

Residues and extract specimens were supplied in a predried state and measured under 
the same conditions as the whole coals. Yields of residue obtained (ut% basis) are 
given in Table 1, together with elemental compositions and lithotype classifications 
for the brown coals and lithotypes. 

The intensity of the signals was empirically 
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TABLE 1. DATA FOR BROWN COAL SUITE 

Sample H/C c? Oa Li thb .  Resid. %mm Coal Resid. 

(kHzZ) (kHzZ) (kHz2) 
(wt%) M400 M600 M600 

Vic to r i an  and New Zealand c o a l s  

1 Bacchus Marsh 1.22 70.5 20.6 1 50 
2 Roxburgh (NZ) 1.11 69.8 23.0 - 60 
3 R5 1.08 70.9 21.8 1 59 
4 HI317 0.99 71.4 22.0 1 67 
5 Idaburn (NZ) 0.95 68.4 25.5 - 72 
6 Newvale (NZ) 0.91 67.6 26.6 - 77 
7 R30 0.89 69.5 24.5 4 80  
8 HI317 0.85 70.6 24.4 5 - 
9 ~Y1276/Morwell 0.79 68.4 26.2 5 88 

Li thotype  s u i t e  

a LY1276/Morwell 0.83 66.8 27.0 I - 
b LY1276/Morwell 0.78 66.1 28.0 2 - 
c LY1276/Morwell 0.80 66.5 27.2 3 - 
d LY1276/Morwell 0.81 66.2 26.6 4 - 
e LY1276/Morwell 0.75 67.0 27.2 5 - 

62 24.5 9.5 24.8 
55 19.5 11.6 25.4 
58 21.7 10.2 24.7 
48 26.1 13.8 25.2 
39 19.5 15.7 25.6 
28 24.7 19.7 26.4 
26 24.8 20.3 25.9 
21 26.8 22.9 
15 25.4 24.2 26.1 

- 

33 23.0 18.0 - 
27 25.0 19.6 
23 25.2 20.8 
23 25.7 20.5 
23 24.2 21.3 

- 
- 
- 
- 

aExpressed as w t %  on a d ry ,  mine ra l  ma t t e r  and ino rgan ic  ion f r e e  bas i s .  
bLi thotype  ranking  1 = p a l e ,  5 = dark .  

RESULTS 

Figure  1 shows s t acked  p l o t s  of t h e  'H NMR t r a n s v e r s e  r e l a x a t i o n  s i g n a l s  ob ta ined  
dur ing  PMRTA of a Bacchus Marsh brown c o a l  and i t s  e x t r a c t  and r e s i d u e  specimens. 
Analys is  of such d a t a  p rov ides  parameters  t h a t  s emi -quan t i t a t ive ly  d e s c r i b e  a spec t s  
of the composi t ion  and molecular  dynamics of t he  specimens dur ing  hea t ing .  Thus, 
( 1 )  the i n i t i a l  i n t e n s i t y ,  I(O), of the  t r a n s v e r s e  r e l a x a t i o n  s i g n a l  ( t aken  as t he  
peak of t he  s o l i d  echo, Fig.  1) g i v e s  an estimate of t he  r e s i d u a l  hydrogen conten t  
of the  specimen; (ii) in g e n e r a l  each  of t h e  'H NMR s i g n a l s  can be r e so lved  i n t o  a 
s lowly  r e l a x i n g  e x p o n e n t i a l  component f i t t e d  a t  l onge r  times ( t h e  'mobi le '  
component), and a r a p i d l y  r e l a x i n g  Gauss ian- l ike  r e s i d u a l  s i g n a l ( t h e  ' r i g i d '  
component). Because r e s o l u t i o n  of t hese  components is somewhat s u b j e c t i v e  and 
s e n s i t i v e  t o  the  d e t a i l s  of t h e  cu rve  f i t t i n g  procedure  used, c a r e  was  t aken  t o  use 
a c o n s i s t e n t  procedure  t o  ana lyse  a l l  t h e  da t a .  The i n i t i a l  i n t e n s i t i e s  of the  
f i t t e d  components are t aken  as measures of t h e  f r a c t i o n  of hydrogen i n  'mobile '  and 
' r i g i d '  (on a t i m e  scale o f  - s) molecular  s t r u c t u r e s  of t he  specimen; ( i l l )  
each  recorded NMR signal, I ( t ) ,  is  c h a r a c t e r i z e d  by an  empi r i ca l  second moment, MZT. 
o f  a t runca ted  ( a t  10 kHz) f requency  abso rp t ion  spectrum ob ta ined  by i t s  Four i e r  
t r ans fo rma t ion  (10). 
i n t e n s i v e  p rope r ty ,  is d i r e c t l y  r e l a t e d  t o  t h e  average  s h o r t  range  ?A1 nm) proximi ty  
of hydrogen atoms t o  each o the r .  However, impor tan t ly ,  t h e  c o n t r i b u t i o n  of a 
p a r t i c u l a r  molecular  u n i t  w i t h i n  a s t r u c t u r e  t o  t h i s  q u a n t i t y  r a p i d l y  dec reases  wi th  
t h e  O n s e t  Of i t s  molecu la r  mob i l i t y  so t h a t  %T i s  i n v e r s e l y  r e l a t e d  t o  t h e  average 
molecular  m o b i l i t y  of t he  s t r u c t u r e .  

The tempera ture  dependences of t he  r e s i d u a l  hydrogen con ten t  and t h e  percentage  of 
t h e  i n i t i a l  hydrogen con ten t  t h a t  is de f ined  as mobile a r e  p l o t t e d  i n  Fig. 2a f o r  
t h e  high H / C  Bacchus Marsh p a l e  l i t h o t y p e  c o a l  and i t s  e x t r a c t  and r e s i d u e  
specimens. The co r re spond ing  pyrograms f o r  t he  e m p i r i c a l  second moment are compared 
i n  Fig. 2b. 
PYrOlYtiC decomposi t ion  and loss of v o l a t i l e s ,  and t h e  second moment and remaining 

For a r i g i d  o r g a n i c  s o l i d  t h e  magnitude of M2 which is  an 

The r e s i d u a l  hydrogen con ten t  pyrograms d e f i n e  t h e  r eg ion  of main 
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mobile  hydrogen pyrograms r e f l e c t  changes i n  t h e  molecular  m o b i l i t y  of t h e  
specimens. Data f o r  t h e  LY1276 l i t h o t y p e  s u i t e  a r e  presented  i n  Fig.  3 and r e s u l t s  
f o r  t h e  s u i t e  of brown c o a l s  a r e  shown i n  Fig. 4. The second moment pyrograms f o r  
r e s i d u e s  of samples 1-7 and 9 and pentane-insoluble  e x t r a c t s  of samples  1.3 and 4 
a r e  compared i n  Fig. 5. 

The MZT v a l u e s  a t  400 K (M400) and a t  600 K (Mfoo) and Xmm ( t h e  g r e a t e s t  remaining 
mobile  hydrogen va lue  achieved dur ing  t h e  pyro y s i s ,  which occurs  a t  about  600 K f o r  
a l l  t h e  brown c o a l s )  a r e  secondary parameters  der ived  from t h e  pyrograms. The 
v a l u e s  of M and X m m  f o r  t h e  c o a l s  and M600 f o r  t h e  r e s i d u e s  a r e  p l o t t e d  a g a i n s t  
H / C  i n  Fig.'t: and i n  Fig. 7 %mm for t h e  c o a l s  is p l o t t e d  a g a i n s t  t h e  y i e l d  of 
r e s i d u e .  

DISCUSSION 

The Bacchus Marsh, R5 and H1317 (sample 4, p a l e  l i t h o t y p e )  brown c o a l s  gave high 
enough y i e l d s  of e x t r a c t  t o  a l low PMRTA of t h e i r  e x t r a c t s .  PMRTA d a t a  f o r  t h e  
Bacchus Marsh coa l ,  which had t h e  h i g h e s t  H / C  and e x t r a c t  y i e l d  of t h e  brown c o a l s ,  
i t s  ' a s p h a l t e n e '  e x t r a c t  and i t s  r e s i d u e  m a t e r i a l  a r e  compared i n  F i g s  1 and 2. 
Although t h e i r  M v a l u e s  (Fig.  2b) i n d i c a t e  t h a t  t h e s e  m a t e r i a l s  a r e  not  t o t a l l y  
r i g i d  molecular  f E t t i c e s  on t h e  t ime s c a l e  of lod5 s a t  room tempera ture ,  t h e  
absence of a s i g n i f i c a n t  s lowly r e l a x i n g  e x p o n e n t i a l  s i g n a l  shows t h a t  none of 
t h e s e  m a t e r i a l s  c o n t a i n s  h i g h l y  mobil ized components. The s i m i l a r i t y  of t h e  t h r e e  
M2T v a l u e s  a t  room tempera ture  (Fig.  2b) i s  unexpected. 
i s  t y p i c a l  of a r i g i d  a romat ic  l a t t i c e  (e.g. bi tuminous c o a l )  but much lower than  
t h a t  f o r  a r i g i d  a l i p h a t i c  l a t t i c e .  This  i n d i c a t e s  a degree  of molecular  m o b i l i t y  
w i t h i n  t h e  a l i p h a t i c  s t r u c t u r e s  t o  g i v e  lower MZT v a l u e s  which a r e  f o r t u i t o u s l y  
s i m i l a r  t o  t h e  va lue  f o r  t h e  (presumed) r i g i d  a romat ic  s t r u c t u r e s  in t h e  c o a l s .  

The e x t r a c t  became f u l l y  mobil ized on h e a t i n g  above 460 K whereas t h e  r e s i d u e  
acqui red  a maximum of only  15% mobile  s t r u c t u r e  near  600 K. The whole c o a l  specimen 
a l s o  passed through a w e l l  def ined  maximum of 60% mobile s t r u c t u r e  near  600 K. I n  
each  c a s e  i t  can be seen  t h a t  as hea t ing  proceeded beyond 600 K t h e r e  i s  a p a r a l l e l  
between ' d e v o l a t i l i z a t i o n ' ,  i n d i c a t e d  by t h e  d e c l i n e  i n  r e s i d u a l  hydrogen, and t h e  
r a p i d  l o s s  of the  mobile  component of t h e  remaining sample (Fig. 2a). The pyrograms 
i n  Fig. 2 c l e a r l y  d i s t i n g u i s h  t h e  d i f f e r e n t  thermal  behaviour  of t h e  Bacchus Marsh 
c o a l ,  r e s i d u e  and e x t r a c t  specimens and q u a l i t a t i v e l y  d i s p l a y  t h e  i n t e r m e d i a t e  o r  
composite n a t u r e  of t h e  whole coa l .  

There is cons iderable  v a r i a t i o n  i n  t h e  thermal  p r o p e r t i e s  of t h e  i n d i v i d u a l  brown 
c o a l s  (samples  1-9) as shown i n  Fig. 4. These c o a l s  e x h i b i t  a s t r o n g  c o r r e l a t i o n  
between t h e  y i e l d  of r e s i d u e  and hydrogen conten t  but none w i t h  carbon c o n t e n t  
(Table  l ) ,  t h e r e f o r e  t h e  r e s i d u e  and e x t r a c t  m a t e r i a l s  must have v a s t l y  d i f f e r e n t  
hydrogen conten ts  but similar carbon c o n t e n t s .  A weaker but s i g n i f i c a n t  p o s i t i v e  
c o r r e l a t i o n  between t h e  y i e l d  of r e s i d u e  and oxygen conten t  sugges ts  t h a t  t h e  
r e s i d u e  would be more oxygen-rich than t h e  e x t r a c t .  

I n  t h e  l i g h t  of t h e  two-component hypothes is ,  t h e  g r e a t  d i f f e r e n c e  between t h e  H / C  
v a l u e s  of e x t r a c t  (1.4) and r e s i d u e  (0.6) m a t e r i a l s  from t h i s  s u i t e  of c o a l s  ( 9 )  
s u g g e s t s  a s t r o n g  c o r r e l a t i o n  between thermal  p r o p e r t i e s  and H / C  r a t i o  of t h e  brown 
c o a l s .  This  is  seen  t o  be t h e  c a s e  a t  h i g h e r  tempera tures  ( F i g s  4 and 6).  In 
p a r t i c u l a r  the  maximum e x t e n t  of m o b i l i z a t i o n ,  as  i n d i c a t e d  ( i n v e r s e l y )  by M600 and 
( d i r e c t l y )  by X m m ,  increased  wi th  i n c r e a s i n g  H / C  of t h e  c o a l s  (Fig. 6). However 
below 500 K the  c o a l s  showed some i n d i v i d u a l  v a r i a t i o n s  which were not  H / C  
dependent .  

The f a c t  t h a t  t h e  PMRTA parameters  near  600 K c o r r e l a t e  s t r o n g l y  w i t h  H / C  whereas 
below 500 K they do not  i s  probably the  r e s u l t  of v a r i a t i o n s  i n  t h e  i n t e r a c t i o n s  
between t h e  e x t r a c t  and r e s i d u e  i n  t h e  source  coa ls .  
molecules  m a y  not be uniformly d i s p e r s e d  and may range  from those t h a t  a r e  

The common va lue  of 30 kHz2 

The low molecular  weight  
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i n t i m a t e l y  i n t e r a c t i n g  wi th  t h e  ' h o s t '  so t h a t  t h e i r  thermal  p r o p e r t i e s  a r e  those  of 
a sorbed phase t o  t h o s e  t h a t  a r e  c l u s t e r e d  and behave s i m i l a r l y  t o  t h e  bulk 
e x t r a c t .  T h e r e f o r e  t h e  observed v a r i a t i o n s  of Mho0 (Table  1 )  may r e f l e c t  v a r i a t i o n s  
i n  t h e  d i s p e r s i o n  of t h e  ' g u e s t '  molecules  i n  the  c o a l s .  A l t e r n a t i v e l y  t h e r e  is 
some evidence t h a t  t h e  e x t r a c t s  from c o a l s  t h a t  show r e l a t i v e l y  lower M4 
a r e  r i c h e r  i n  s t r a i g h t - c h a i n  a l i p h a t i c  m a t e r i a l s  (P. Redlich,  unpubl i shes  d a t a ) .  
Both these  p h y s i c a l  and chemical  d i s t i n c t i o n s  would be l o s t  a t  h igher  temperatures  
where the  ' g u e s t '  molecules  a r e  f u l l y  mobil ized.  

I n  c o n t r a s t ,  t h e  second moment pyrograms of t h e  r e s i d u e s  from t h e s e  c o a l s  (Fig.  5) 
show t h a t  t h e  r e s i d u e s  a l l  behaved s i m i l a r l y  and acqui red  l i t t l e  molecular  m o b i l i t y  
d u r i n g  t h e  p y r o l y s i s .  
hypothes is  and is i n  agreement with e a r l i e r  work (9)  which showed t h a t  t h e  
p r o p e r t i e s  of t h e  ' h o s t '  v a r i e d  l i t t l e  between t h e  brown c o a l s .  It is  p o s s i b l e  t h a t  
t h e  minor degree  of s t r u c t u r a l  m o b i l i t y  acqui red  by t h e  r e s i d u e  specimens was a 
consequence of t h e i r  incomplete  e x t r a c t i o n  and/or  t h e  r e t e n t i o n  of some of t h e  
e x t r a c t i o n  s o l v e n t .  The l a t t e r  p o s s i b i l i t y  is supported by t h e  n o t i c e a b l y  e a r l i e r  
loss of (hydrogen) v o l a t i l e s  by the  r e s i d u e  than  by t h e  c o a l  o r  e x t r a c t  (Fig.  2a). 

The temperature  v a r i a t i o n  of the  NMR s i g n a l s  of t h e  e x t r a c t s  (e.g. Fig. I C )  and the  
second moment va lues  c a l c u l a t e d  from them (Fig .  5) show t h a t  t h e  e x t r a c t s  remain 
f u l l y  mobil ized i n  t h e  tempera ture  range  470-700 K. A t  h igher  tempera tures ,  t h e  
r a p i d  i n c r e a s e  i n  M v a l u e s  r e f l e c t s  t h e  r a p i d  l o s s  of v o l a t i l e s  and i n d i c a t e s  t h a t  
t h e  m a t e r i a l  l e f t  agter v o l a t i l e  evolu t ion ,  c o n t a i n i n g  10% of t h e  o r i g i n a l  specimen 
hydrogen (Fig.  Za), i s  a r i g i d  coke a t  i t s  tempera ture  of formation.  

Var ia t ions  a r e  a p p a r e n t  i n  t h e  MZT pyrograms (Fig.  5 )  of t h e s e  e x t r a c t s .  
example, H1317 c o a l  e x t r a c t  (from sample 4 )  sof tened  a t  a h igher  tempera ture  than 
t h e  e x t r a c t s  of t h e  o t h e r  two coa ls .  
630 K was observed f o r  t h i s  e x t r a c t ,  which s u g g e s t s  t h a t  r a p i d  c r o s s l i n k i n g  
r e a c t i o n s  may have been o c c u r r i n g ,  l e a d i n g  t o  a r e d u c t i o n  i n  s t r u c t u r a l  m o b i l i t y  
wi th  i n c r e a s e  i n  tempera ture l t ime.  

Redl ich e t  a l .  ( 9 )  have emphasised t h e  d i r e c t  l i n e a r  r e l a t i o n s h i p  between t h e  y ie ld  
of e x t r a c t  and H / C  r a t i o  i n  support  of t h e  h o s t l g u e s t  model f o r  brown c o a l s .  
have a l s o  demonst ra ted  t h a t  h y d r o l i q u e f a c t i o n  r e a c t i v i t y  i s  c l o s e l y  c o r r e l a t e d  t o  
a tomic H / C  (9) and Brookes et a l .  (12) have shown s t r o n g  l i n e a r  c o r r e l a t i o n s  between 
t h e  i n t e n s i t y  of i n f r a r e d  a l i p h a t i c  C-H s t r e t c h i n g  bands and t h e  H / C  content  of 
t h e s e  coa ls .  The good l i n e a r  r e l a t i o n s h i p s  between t h e  maximum e x t e n t  of thermally 
a c t i v a t e d  molecular  m o b i l i t y  (Xmrn)  and y i e l d  of e x t r a c t  r e s i d u e  on t h e  one hand and 
H/C r a t i o  on the  o t h e r  ( F i g s  6 and 7) a r e  f u r t h e r  s t r o n g  suppor t  f o r  t h i s  two- 
component model of brown c o a l  s t r u c t u r e .  The i d e n t i f i c a t i o n  of t h e  e x t r a c t a b l e  
m a t e r i a l  as t h e  component t h a t  is thermal ly  mobil ized i n  t h e  whole c o a l  s t r u c t u r e ,  
suggested by t h e  PMKTA r e s u l t s ,  a l s o  s u p p o r t s  t h e  c o n t e n t i o n  t h a t  t h e  method of 
e x t r a c t i o n  used by Kedl ich et a l .  ( 9 )  does n o t  chemica l ly  degrade  t h e  c o a l  s t r u c t u r e  
t o  any g r e a t  ex ten t .  

Comparison of the  PMRTA pyrograms (Fig.  3) of t h e  f i v e  LY1276 l i t h o t y p e s ,  which were 
chosen t o  g i v e  as wide a l i t h o t y p e  range a s  p o s s i b l e  wi th  minimum v a r i a t i o n  i n  
e lementa l  a n a l y s i s  ( 4 1 ,  e s t a b l i s h e s  t h a t  t h e  thermal  behaviour  w i t h i n  t h i s  l i t h o t y p e  
s e t  was very Similar and hence r e l a t i v e l y  i n s e n s i t i v e  t o  l i t h o t y p e  ranking.  

va lues  

This  c l o s e  s i m i l a r i t y  i s  c o n s i s t e n t  wi th  t h e  h o s t l g u e s t  

For 

In  a d d i t i o n ,  a secondary MZT maximum a t  

They 

CONCLUSIONS 

1. The thermal  behaviour  under p y r o l y s i s  c o n d i t i o n s  of a s u i t e  of brown c o a l s  and 
t h e i r  e x t r a c t s  and r e s i d u e s , a s  revea led  by PMRTA, l e n d s  f u r t h e r  suppor t  t o  t h e  
h o s t l g u e s t  model of t h e s e  coa ls .  Although t h e  r e s i d u e s  and e x t r a c t s  showed very 
d i f f e r e n t  thermal  behaviour ,  t h e  r e s u l t s  w i t h i n  each group were similar and 
independent  of t h e  H / C  v a l u e  of t h e  source  c o a l s .  On t h e  o t h e r  hand t h e  thermal  
behaviour  of t h e  c o a l s  v a r i e d  s i g n i f i c a n t l y  and t h e r e  was a s t r o n g  p o s i t i v e  
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c o r r e l a t i o n  between t h e  maximum e x t e n t  of molecular  m o b i l i z a t i o n  dur ing  h e a t i n g  and 
both  H / C  and e x t r a c t  y i e l d .  The much h igher  H / C  r a t i o  of t h e  e x t r a c t  compared t o  
t h e  r e s i d u e  m a t e r i a l  a l l o w s  t h e s e  o b s e r v a t i o n s  t o  be expla ined  i n  terms of t h e  
h o s t l g u e s t  hypothes is  whereby t h e  c o a l s  are composed of e x t r a c t  and r e s i d u e  
materials i n  d i f f e r i n g  p r o p o r t i o n s .  

2. The thermal behaviour of brown c o a l s  of s i m i l a r  H / C  i s  i n s e n s i t i v e  t o  l i t h o t y p e .  

3. 
parameters a t  tempera tures  above 500 K than l i t h o t y p e .  

4. The molecular  s t r u c t u r e  of t h e  r e s i d u e s  was l a r g e l y  immobile and hence 
r e l a t i v e l y  u n r e a c t i v e  dur ing  h e a t i n g  t o  - 875 K. The pentane- inso luble  ' a s p h a l t e n e '  
e x t r a c t  s o f t e n e d  a t  -380 K and d e v o l a t i l i z e d  r a p i d l y  above 700 K l e a v i n g  some r i g i d  
coke res idue .  

Hydrogen c o n t e n t  or atomic H/C r a t i o  g i v e s  a much b e t t e r  c o r r e l a t i o n  wi th  PMRTA 
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Figure 1. 
(a) a Bacchus Marsh brown coal, (b) the residue after treatment at 593 K 
with decalin, followed by room temperature extraction with dichloromethane (9) and 
(c) the dichloromethane-soluble, pentane-insoluble fraction of the 593 K extract 
(9). The signals have been interpolated to 10 K intervals. 

Stacked plots of signals obtained from 'H NMR thermal analysis of -l 
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Figure  2.  
content  and ( b )  MZT (10 kHz t r u n c a t i o n )  f o r  a Bacchus Marsh coa l ,  i t s  r e s i d u e  and 
i t s  e x t r a c t  during p y r o l y s i s  a t  4 Klmin. 

P l o t s  of ( a )  r e s i d u a l  hydrogen conten t  and remaining mobile  hydrogen 
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Figure  3. 
pyrograms and ( b )  t h e  MZT pyrogram f o r  t h e  LY1276 s u i t e .  

P l o t s  of ( a )  t h e  r e s i d u a l  hydrogen conten t  and remaining mobile  hydrogen 
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Figure  4. 
pyrogram f o r  t h e  brown c o a l s  (samples  1-9). 
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Figure  5. 
t h e  e x t r a c t s  of samples  1, 3 and 4. 

MZT pyrograms f o r  t h e  r e s i d u e s  of samples 1-7 and 9 a f t e r  e x t r a c t i o n ,  and 

0-0 
0 .a 1.00 1.20 

HIC 

2T Figure  6. 
a t  600 K (M600, e) f o r  a l l  samples, and MZT f o r  t h e  r e s i d u e s  a t  600 K ( 0 ) .  

V a r i a t i o n  w i t h  H/C of t h e  e x t e n t  of maximum m o b i l i t y  (%mm, o ) and M 

O c ,  
40 60 80 121 

Residue (%I 
Figure 7. P l o t  of t h e  e x t e n t  of  maximum m o b i l i t y  (%mm) vs y i e l d  of r e s i d u e  a f t e r  
t rea tment  a t  593 K and e x t r a c t i o n  wi th  dichlorornethane. 
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CHANGES IN THE CHEMICAL STRUCTURE OF LOW RANK COAL AFTER LOW 
TEMPERATURE OXIDATION OR DEMINERALISATION BY ACID TREATMENT . 
ANALYSIS BY FTIR AND UV FLUORESCENCE . 

JacRy KISTER Michel GUILIANO , Gilber t  MILLE and Henri DOU. 

CNRS UA 126 - Laboratoire d e  chimie organique A 
Equipe Analyse e t  evolution d e s  sys tQmes  chimiques complexes 
Universi te  d'AIX-MARSEILLE I11 
Centre  de S t  Jerome 
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13397 Marseille Cede:{ 13 

The stud:es have been conducted on low rank coal: Flambant 
de Provencel France, PRV.0.44 
FTIR and U V  synchronous fluorescence spectroscopv are 
used to  study structural changes in low rank coal after 
natural oxidation or acid ( HCl/HF 1 demineralization. 
The observed variations deal mainly with a decrease in 
aliphatic structures and an increase in the oxygenated 
species. 
A quantitative oxidation study of the effect of temperature, 
timel mineral matter and oxygen concentrations has been 
conducted by FTIR. 
An attempt to describe the oxygenated species by FTIR and 
to  compare their evolution has been conducted. Various 
oxidation mechanisms are proposed according to  the results. 
The U V  Fluorescence allows to show in these conditions a 
change in the polyaromatic ring absorptions , mainly in the 
2, 3 range. This correspond to  an oxidation or even loss of 
some aliphatic substituents. 
The results are compared to  those obtained by C13 NMR of 
solid coall and also to the colcing and caking values of 
oxidized coals. 

I N  TRODUCTI 0 N 
This  s tudy inves t iga tes  the  ut i l i ty  of Fourier  Transform InfraRed spectroscopv(FT1R) 
and synchronod excitation-emission UV fluorescence a s  a means of measuring 
increases  in the  degree of coal Oxidation with exposure time i n  a n  air atmosphere a t  
var ious tempera tures  and f o r  var ious par t ic le  s i z e s  . This  multitechnique approach 
shows much promise in identifying specif ic  changes during coal oxidation or 
demineralization (i,. 
These chemical s t ruc tura l  changes occurring i n  a laboratory aer ia l  oxidation 
experiment a r e  observed on French Gardanne coal , "flambant de Provence" 
(Subbituminous A ) . 
I t  is well known t h a t  coal weathering at var ious tempera tures  is accompanied by 
changes in the chemical and physical p roper t ies  and therefore  significantly alters t h e  
utilization potent ia l  of coals  (2-7) . 
EXPERIMENTAL 
The coal used was from t h e  "ETOILE N'9" seam of t h e  Gardanne mine located i n  
Provence , near  Marseille FRANCE and was  sampled directly j u s t  before  t h e s e  s t u d i e s  . 
Character is t ics  a r e  presented in  tab le  1 
The coal used was crusched and s ieved in  a IKA-VERK A 10 and a IKA-VIBRAX-VXR 
under controlled atmosphere . 
At var ious tempera tures  ( from 2O'C to  2OO'C ) samples  were taken a t  regular  
in te rva ls  and s tored  in  Nitrogen f lushed v i a l s  to  prevent  fur ther  oxidat ion before 
a n a l y s i s .  
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TABLE 1 .  
Character is t ics  of "Gardanne coal" 

U 1  t imate 
Anal vsi s/DFB 

Carbon 
Hydrogen 
N i  t r ogsn 
S u l p h u r  
oxygen 
Ash ...... 

%wt 

6 0 , 2 0  
4,30 
1 , 6 3  
4.57 

10,55 
18,32 ..... 

Proximate . 
Anal y s  i s 

Moisture  
A s h  
Vo1 a t  i 1 e 

F S I  (ASTM) 
m a t t e r  /DF8 

........... ........... 

X w t  

20,lO 

. . I . .  ..... 

Pe t rograph i c  
A n a l y s i s  

V i  t r  i n  i  t e  
Ex i  n  i  t e  
I n e r t  i n  i  te 
- I n e r t o d e t r i n i t e  
-Semi f u s i  n i  t r  

Ginera1 mat te r  
F u s i n i  t e  

6,73 

6,13 
2 , 3 3  

Coals  demineralized by acid t rea tment  ( HCl/HF 1 (8) were s tudied and we observed t h e  
s t ruc tura l  modifications which induced dis turbances in  macera: separa t ions  <9J&) . 
FTIR spec t ra  were measured on 5DX and 20% NICOLET spectrometers  using t h e  
classical  halide p e l l e t  IR t ransmission method (ii-13) . 
U V  fluorescence s p e c t r a  were measured on a PEREIN 3000 and srnchronous 
excitation-emission technique was used t o  s tudy 50hd coa ls  and coal extractsA~\=23mm 
(14,. 

FTIR STUDIES 
I n  a recent  work in  our laboratory , we noted the high react ivi ty  of "Gardanne coa1"in 

weather i r~g and oxidat ion react ions and the  capacity of FTIR spectroscopr  t o  follow 
quant i ta t ively the  small  changes i n  carbonyl and al iphat ic  ranges (2) . I t  is possible  
t h a t  coal oxidized by exposure fe; long time per igds a t  t h e  edge of a seam di f fe rs  in  
s t ruc ture  from a coal oxidized a t  var ious tempera tures  in  t h e  laboratory (15) . In a 
preliminary work we observed t h e  similar react ion of coal in  natural  oxidation of a 
stockpilled coal and i n  a laboratory aer ia l  oxidation experiment iTp<60'C ) (12) . 
Derninera!ized coals  were s tudied but  t h e  demineralization reaction by prolonged acid 
t rea tment  (HCUHF) induced i t se l f  many paras i te  oxidat ion react ions (14 , 16-18) . We 
observed in  all casep s ignif icant  spectroscopic changes by FTIR difference spec t ra  and 
we used the area in tegra t ion  methoti t o  quantify t h e s e  modifications . 
SAMPLE PREPARATION 

The coal was  oxidized by spreading about  39 uniformly in  a ceramic bea t  which in  turn  
was  placed in a regl;lated oven. The samples  were prepared f o r  infrared ana lys i s  by 
forming s tandard KBr disks  . Spectra  were recorded and one hundred co-added 
interferograms were x e d  to obtain spec t ra  with a resolut ion of 2cm-1 . Only the  400 - 
3300 cm-1 region w a s  examinated , 50 that  t h e  OH s t re tch ing  region of the spectrum 
w a s  not observed ( in te r fe rences  from water  absorbed on t h e  h-r) . 

I 

RESULTS AND DISCUSSION 

The infrared spec t ra  ( plot ted in  absorption) of oxidized and f resh  coal a r e  compared i n  
419.1 . Major changes in t h e  two spec t ra  appear  in  t h e  1676 -1900 cm-i range ( weak 
shoulder near i695cm-1) and 2760 - 3000 cm-1 range ( al iphat ic  C-H stretching ) . 
These  changes were only revealed a f t e r  subtract ion of t h e  f resh  coal sample spectrum 
from the spectra  of t h e  oxidized samples  ( fig.1 ) . A correct  degree of subtract ion is 

since t h i s  clay should be  relat ively unaffected by low temperature  oxidation (is, . 
After  subtract ion , t h e  a l iphat ic  C-H s t re tch ing  mode appears  negative , demonstrating 
a l o s s  in  CH2 - CH3 groups  upon oxidation ( a r e a  2760-30OOcm-1 ) and the  carbonyl and 
carboxylic bands appear  posi t ive ( a r e a  1676-1815 cm-1) . The area integrat ion method 
used t o  quantify t h e  oxidation reaction is presented in f i g 2  . The same technique was 
used for  maceral s e p a r a t i o n  characterization 

obtained by using t h e  Kaolinite bands ( 1035 - 1010 cm-i 1 as a subtract ion s tandard , 1 

\ 

I . 
Y 

22 1 



The r a t i o  of t h e  integrated peaK a r e a s  t o  t h e  t o t a l  a r e a  B+C were calculated ( with C 
a r e a  l i m i t s  : 1885-1839 t o  900-892 cm-1 ) 

The FTIR study corresponds to a study of the  temperature  e f f e c t  ( 20- 110 - 2OO'C ) 
f o r  a def ini te  granulometry ( (0.125mm ) followed by a s tudy  of t h e  par t ic le  s ize  e f f e c t  
( (0.500 I 0.250 I 0.125 0.090 0.063 , 0.005mm ) a t  var ious tempera tures  . Coal 
demineralized with HCUHF is studied at 2O'C f o r  a par t ic le  s ize  (0.125mm . 
The r e s u l t s  from t h i s  ana lys i s  - disappearance of a l iphat ic  groups ( B/B+C ) and 
formation of carbonyl or carboxylic compounds ( A/B+C ) as a fonction of temperature  
and time - a r e  given in  f igures  3a and 3b . 
Upon examination the  curve in  f ig& r e v e a l s  t h a t  t h e  disappearance of a l iphat ic  
groups a t  room temperature  occurs mainly during t h e  f i r s t  few days  of oxidation and 
then seems to level  off or at least s t rongly slow down.  At  1iO'C t h i s  disappearance is 
more important  , very s ignif icant  in  t h e  f i r s t  d a y s  and continuing s teadi ly  unt i l  the end 
of the experiment . At 2OO'C , al iphat ics  disappearance happens very quickly, s ince the  
f i r s t  hours  of oxidation - t h e  same remark can be made with regard t o  t h e  formation of 
carbonyl or carboxylic compounds ( fig.3b ). 

The "Gardanne coal" s tudied here  presents  a re la t ively low aromaticity leve l  . The 
corresponding IR spectrum does  not  clearly show t h e  character is t ic  adsorp t ions  of 
aromatic hydrogens (3100 - 3000 cm-1 and ( 900 - 700cm-1 ) (9-13) . A study using NMR 
13C as  well as FTIR r e v e a l s  t h a t  aromaticity is not hardly a f fec ted  by oxidation 
(16-19) , whereas  a previous s tudy indicated a n  increase in  aromaticity upon oxidation 

Af te r  evidencing t h e  formation of carbonyl and carboxylic compounds , we t r ied  t o  
determine t h e  nature  of t h e  formed oxidation products  , and t h e  b e s t  technique s e e m s  
to be the  spectrum subtract ion method - (oxidized coal - s t a r t i n g  coal). 
W e  must be careful  , particularly when t h e  oxidation products are obtained i n  very 
small  quant i t ies  ( oxidation at 2O'C ) . The difference spec t ra  obtained in t h e s e  c a s e s  
m a y  be controversial  a s  shown by t h e  comparaison of t h e  work of LIOTTA e t  al. (2) and 
t h a t  of RHOADS e t  al. (2) ( signal  t o  noise r a t i o  t o o  low I mineral mat ter  na ture  and 
content  s l ight ly  d i f fe ren t  from one t o  another  sample (22,) . 
A t  110 and 2OO'C difference spec t ra  evidence without  ambiguity the formation of the  
var ious oxidation compounds (f igures  4a and 4b ) . The broad band between 1900 and 
1500Cm-i shows mainly four  d i f fe ren t  absorpt ions located at 1569-1596 , 1725-i7:O , 
1778-1770 and 1850-1840cm-1 . Furthemore , a prominent new band near  1575-1600 
cm-1 is now revealed in  the  difference spectrum. This  band is not  detectable  i n  the  
original spectrum and can be assigned t o  a n  ionized carboxyl group COO- - the  major 
product of oxidation (23 24). PJI the  broad band 1500 - 1900cm-1 , we used t h e  second 
der ivat ive spectrosco*tech:{ique which revealed all t h e  absorpt ions (f igures  5 a  and 
5b 1 . Attr ibut ions a r e  given in  tab le  2 . Some of them a r e  corroborated by NaOH and 
NaHC03 select ive chemical react ivi ty  (a). 

a) Definite aranulometrv (<0.125mm ) . 

tu). 

TABLE 2 

Coal oxidation 
Absorpt ions in  1900 - 1500 cm1 range . 

A t t r i b u t i o n s  I Wavelength cm-1 

1850 
1837 
1818 
1779 

1760 
1739 
1725 
1709 
1675 
1600 -1540 

Anhydr ides  

E s t e r s  type O=C-0-Aryl 
E s t e r s  type O=C-0-Alkyl 
Carboxyl ic  a c i d s  A r r l - I C H 2 ) , - ~ 0 o ~  
Carboxyl i  c ac  i d s  Aryl -COOH 
Qu i  nones 
COO- c a r b o x y l a t e s  
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Upon examination , f igures  Sa and 5b a t  2O'C and 2OO'C reveal  t h a t  the  nature  and 
reparti t ion of oxidized spec ies  is not the  same . This  p o s e s  t h e  problem of comparison 
of natural  ageing ( weathering ) of coa ls  and laboratory oxidation a t  high 
temperatures .  
Weak broad residual absorpt ion between 1200 - 1300cm-1 in the  difference spectrum 
could possibly be due t o  C-0 bands I a s  in phenols o r  e t h e r s  but  t h e s e  bands would be 
difficult  t o  identify . 
This  phenomenon is more significant a t  2O'C and 60'C than  110'C and 200'C . From a 
purely mechanistic point  of view t h i s  observat ion ca l l s  for  confirmationsl , since i t  
a l lows to  s u g g e s t  d i f f e r e n t  mechanirns . 
A number of s t u d i e s  have concluded t h a t  the  formation of e t h e r  cross-links is crit ical  
t o  loss of coRing abil i ty (= 

We can s e e  (figures 6 a  and 6b) the appareance of oxygenated groups (A/B+C) and 
disappearance of a l ipha t ics  (B/B+C) a s  a function of time for  d i f fe ren t  grindings .The 
s tudy presented here corresponds t o  an utmost  oxidation a t  2OO'C .Upon examination , 
the  curves revea l  t h a t  the  appearance of oxygenated groups i s  proportional to  the  
inverse of particle s i z e  a s  well a s  t h e  disappearance of aliphatics since t h e  two 
phenomena a r e  1inRed chemically .This is a logical r e s u l t  , a s  t h e  specific surface likely 
t o  react is larger f o r  a coal of lower granulometry . In order  to  es t imate  t h e  role 
played by t h e  in i t i a l  grinding t h e  a r e a s  a and b were in tegra ted  immediately a f t e r  
grinding and the  "zero points" were t h u s  obtained ( tab le  3 ) . 

b) Particle size e f fec t .  

TABLE3 

"Zero points" a r e a  in tegra t ions  
Grinding ef fec t  , in i t ia l  s t a t e  

Granulometry < A I 0,063 O,G90 0,125 01250 0,500 

In t h i s  manner , we verified t h a t  when ?he particle size decreases  ( longer grinding 
times) , the  oxidation increases  - Even coa ls  ground under demineralized and cooled 
water  give "zero points" characterist ic o f  an oxidation (12116) . I t  is then  problematic 
t o  present  comparison s t u d i e s  when t h e  in i t ia l  products  a r e  not  s t r i c t l y  identical  . I t  
must be noted t h a t  grinding ef fec t  a f f e c t s  minerals and macerals specifically with a 
proper reactivity . Therefore  grinding r e s u l t s  in organic-mineral mixtures with a 
reactivity to  oxidation d i f fe ren t  from t h a t  of t h e  in i t ia l  heterogenous mixture . This 
observat ion l e t  u5 to leave t h e  selective sieving in favor  of t h e  notion of grinding time 

cl Demineralized coal . 
The acid demineralization technique , a s  well a s  t h e  grinding technique , r e s u l t s  in 
chemical d i s turbances  in t h e  coal , mainly by oxidat ion (-1 . If  we observe the  
na tura l  evolut ion of a demineralized coal ( figure 7 1 , we can s e e  t h a t  t h e  appareance 
of oxygenated s p e c i e s  corresponds t o  two curves which a r e  considerably d i f fe ren t  in 
the  early s t a g e  of oxidat ion and become l a t e r  identical  . The sh i f t ing  of the  curves  in 
figure 7 corresponds t o  a shift ing of t h e  "zero point" due t o  t h e  in i t ia l  e f f e c t  of 
demineralization technique by oxidation (12,14,16) and t h e  f a c t  t h a t  f o r  f resh  coal the 
r a t i o  A peak a r e a  / t o t a l  a r e a  B+C is calculated with remaining t r a c e s  of mineral 
mat te r  ( evolution by oxidation and non homogenous sampling ) . Whereas f o r  the 
d e m i n e r a k e d  sample t h e  r a t i o  A / B+C is calculated without  interference . I t  seems 
t h a t  mineral mat ter  a f f e c t s  oxidation particularly in its early s t a g e s  
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UV FLUORESCENCE STUDIES 
uv fluorescence by synchronous exci ta t ion - emission technigue al lows the  approach of 
the Polraromatic s t ruc ture  of coal before  and a f t e r  t rea tment  (m) . This  t rea tment  
may correspond to  a natural  or induced oxidation (Q) or a demineralization t rea tment  
before a maceral separa t ion  s tudy 
Most o f t e n  i n  order  t o  be analyzed by UV fluorescence , coal must be t r e a t e d  - e i ther  
by chemical t rea tment  transforming for exemple a sol id  i n  to liquid ( hydroliquefaction 
and Pyrolysis  ) ; i n  t h i s  case t h e  reaction products  a re  characterized (26, and the  ini t ia l  
coal s t ruc ture  m a y  be es t imate  b y  t h e  Knowledge of the  react ion mechanisms - or a 
t rea tment  with a solvent  , in  which case a coai f ract ion is characterized mcre or less 
important depending on t h e  coal , solvent  and technique used (21) . 
Different  types  of spec t ra  may be obtained by U V  fluorescence - Emission spec t ra  a re  
obtained by exciting t h e  Compound with a fixed wavelength and determining the 
def ini te  fluorescence in tens i ty  proper t o  t h a t  par t icular  wavelength . In  the  case  of 
Complex mixtures , t h i s  method does  not  prove sa t i s fac tory  , as  t h e  def ini te  exci ta t ion 
wavelength chosen cannot Correspond t o  t h e  maximum ext inct ion coefficient of each of 
the mixture components , and t h i s  induce for  cer ta in  CDmpDUndS a decrease in  
fluorescence intensi ty  . 
SynChrDnDUs e%citat ion - emission spec t ra  a r e  the  resu l t  of t h e  technique which 
cons is t s  in  recording the emission spectrum of a mixture and varying t h e  e-ci ta t ion 
wavelength , while maintaining d/z optimum a t  23nm . This  technique clar i f ies  the 
emission of each of t h e  mixture components and r e s u l t s  i n  a b e t t e r  resolved spectrum 

or a react ivi ty  s tudy . 

a) Analytical techniaue. 

(28129). 
b) Solvent coal ex t rac t  s tudy.  

Several  methods of solvent  extract ion may b e  used i n  t h e  case of "Gardanne coal" , 
dissolut ion at refluxing , Kumagawa , soxhlet  , sonication... They all give extract ion 
yields  close t o  15% but  extract ion b r  sonication is more rapid ( 45min.). I t  is carried 
out at a low temperature  ((50°C) , which prevents  from a too  long contact period and 
a l so  s i g n i f i c a n ~  paral le l  oxidation react ions . Fluorescence spec t ra  of e x t r a c t s  
obtained by the var ious extract ion technigues re .'-a1 the  oresence of the  same aromatic 
compounds ( emission peaks a t  371 and 393nm charas te r i s t ic  o i  aromatic  der iva t ives  
with 3 and 4 condensed r ings ( fig.8 ) .Further differenciat icn can be made by examining 
hexane , THF and pyridine f rac t ions  obtained +om t h e  in i t ia l  ex t rac t  . However t h i s  
d i f ferent ia t ion is fas t id ious  as there  is a "levelling" of t h e  e x t r a c t s  directly linked to 
t h e  solvent  select ive extract ion power towards the  polyaromati: spec ies  in  t n e  coal (Q 
) .  
In order  t o  try to  b e t t e r  evidence t h e  spectrum di f fe rences  between f resh  + 
demineralized and oxidized coal , multiple s t e p s  fractioning h a s  been adjusted . Four 
successive extract ions a r e  carr ied out  with hexane , toluene , THF , and t h e n  the l a s t  
residue is dissolved in pyridine . Each fract ion t h u s  obtained is analyzed for  t h e  three  
tvpes  of coal . The obtained spec t ra  show t h a t  it is possible  t o  compare coals (fig 0 , 
table  4) by emphasizing t h e  character is t ic  s igns  . For "Gardanne coal" we notice t h a t  
the  oxidation (2OO'C , 34days) as  wel l  a s  demineralization a f f e c t s  t h e  repar t i t ion  of 
po lyaromat ics  wi th  3 or  4 condensed  r i n g s  by caus ing  a bathochome s h i f t  
,characteristic of a 1055 of subs t i tuents (28  ~ 3 0 )  . 
The ana lys i s  of the  e x t r a c t s  a l lows t h e  character izat ion of only a f rac t ion  of the  coal . 
In order  t o  obtain a more complete characterization we s tudied uv fluorescence on 
sample in  powder( particle size <:0,125mm ) . 
The obtained fluorescence profile a r e  clearly d i f fe ren t  (M) from those o f  the  
e x t r a c t s  . The maxima character is t ics  of aromatic CDmpDUnd5 with 2 , 3 , 4 condensed 
r ings a r e  no longer present  and maxima between 440 and 550nm are observed which 
correspond to more condensed aromatic s t r u c t u r e s  ( 5 or more r ings  ) : the  basic  
s t ruc tura l  un i t s  ( BSU ) or basic squeleton . 
In reference t o  t h e  s t ruc tura l  pa t te rn  of DRYDEN coal (a) , t h e  so lvent  swel l s  the  
miceral mesh and the  small u n i t s  a re  t ransported by diffusion through t h e  matrix pores  . In the  case  of the"Gardanne coal" , we observe t h a t  t h e  small u n i t s  have a s ignif icant  
extract ion faci l i ty  , since t h i s  coal h a s  a very open porosi ty  . Therefore  oxidation and 
demineralisation a f fec t  mainly t h e s e  small u n i t s  and UV fluorescence is particularly 
adapted f o r  evidencing t h i s  phenomenon . In  cont ras t  , i n  the coal matrix i t se l f  , the  
general  s t ruc ture  of t h e  basic s t ruc tura l  u n i t s  (BSU) common to  all t h e  coal samples  is 
found (polyaromatics with 5 t o  8 piled condensed r ings  ) . 
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TABLE 4 
UV Fluorescence charac te r i s t ics  
Comparison between -coal  ex t rac t  

- demineralized coal e x t r a c t  
- oxidized coal e x t r a c t  

E mission wavelength (nm) of the  main bands. 

F r a c t i o n s  . i Fresh  A ~ n m ,  coa l  . Demineral ized coa l  . , Oxidized 318 coal . 
Hexane ..... 315 318 . 310 318 

T o l u e n e . . . . .  322 339 401 . 325 349 401 . 325 349 381 401 

THF......... 354 404 . 327 345 404 , 327 345 383 404 

.I( n m )  A< n m )  

CONCLUSION 

FTIR UV fluorescence and N M R  lead to t h e  same conclusion with regard t o  oxidation 
and demineralization of "Gardanne coal" - l o s s  of aliphatic groups attached t o  
polraromatics with 3 o r  4 r ings  - appearance of oxygenated spec ies  I mainly carbonyls 
and carboxylic ac ids  - n o  change in the  BSU p a t t e r n  . 
The observed particle s i z e  e f f e c t  seems t o  show t h a t  t h e r e  i s  a sur face  reticulation 
e f fec t  (destroyed on re-grinding and determined b y  measuring of the  Gieseler index ). 
This  reticulation might be favored by t h e  increase in the  number of hydrogen bridges 
available result ing from t h e  l o s s  of cumbersome alkyl s u b s t i t u e n t s  and the  appearance 
of many oxygenated s i t e s  . The nature  and evulut ion of the  spec ies  formed a t  low 
temperatures  a s  well a s  higher tempera tures  may allow t o  sugges t  d i f fe ren t  
mechanisms revealing a n  influence of t h e  mineral mat te r  in t h e  f i r s t  s t a g e  o f  oxidation 
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i . Infrared spectrum of fresh coal 
2 . Infrared spectrum of oxidized coal 
3 . 2 - 1 difference spectrum 
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FIGURE 3a and 30 

3 a  . AliJhatic groubs decrease : B/B+C ratio versus oxidation time at 25 , 110 and 
290.c 
3b CarboxvXc and carbonyl groups increase  : A/B+C r a t i o  versus  oxidation t i m s  
at 25 , 110 and 2OO.C 
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FIGURE 4a  and 4b 

4 a .  Difference spec t ra  between 2000 and 1400 cm-l of oxidized coals  a t  200'C ,(a 
, 34 days  ; b , 4  days  ; c , 18hrs  ; d . rihrs . ) 
4b , Difference spec t ra  between 2000 and 1400cm-' of oxidized coals  a t  1lO'C , ( 
a , 3 4  days ; b , 4  days  ; c , i S h r s  ; d t 6hrs.) 
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FIGURE Sa and 5b 

Sa . Infrared spectrum o f  oxidized coal a t  20'C a f t e r  78 days  and t h e  
corresponding der ivat ive spectrum 
5b . Infrared spectrum o f  oxidized coal a t  200.C a f t e r  34 d a y s  and t h e  
corresponding der ivat ive spectrum 
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FIGURE 6a and 6b 

6a . Aliphatic groups dec rease  : B/B+C r a t i o  v e r s u s  oxidation time at 2OO'C and 
particle size e f f e c t .  
6b . Carboxylic and carbonyl groups increase : A/B+C r a t i o  ve r sus  oxidation time 
at 200'C and particle s ize  e f f e c t  . 
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FIGURE 7 

Cmpar i son  of aer ia l  oxidized raw coal a t  
Carboxylic and carbonyl groups increase : 

PYRIDINE EXTRACTS (GARDANNE COAL) 

2O'C and demineralized coal 
A/B+C r a t i o  ve r sus  oxidation time . 

MULTIPLE STEP EXTRACTION 

THF FRACTION 

GAHDANNE COAL 
- fresh coal - - - dqnineral ized ...... oxidized coal 
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FIGL'RE 8 and FIGURE 9 
U V  fluorescence spec t ra  of coal e x t r a c t s  (pyridine) obtained by d i f fe ren t  
extract ive methods : sonicat ion , dissolut ion and soxhlet  
UV fluorescence spec t ra  of coal e x t r a c t s  (THF) obtained from a f resh  coal , 
demineralized coal and oxidized coal . 
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I N T R O D U C T I O N  

The linkages in coal which are susceptible to attack and cleavage are the ether, thioether, and diaryl alkane 
linkages (1-3). Most approaches to cleave linkages in coal involve reacting coal under severe conditions of tem- 
perature and pressure. These severe processing conditions often result in non-specific bond cleavages and retro- 
gressive (bond-forming) reactions. In this paper, we rcport on the reaction of a Wyodak subbituminous coal 
with a powerful site-specific reagent, namely potassium-crown ether (IC-CE) under thermally mild conditions of 
room fetnpcrnfure and afmoapheric pressure. The selective cleavage of ethers (4-G), sulfides and sulfones (7) by 
solvated electrons is documented. The solvated electrons gemrated by I<-CE in TIIF can transfer onto the 
aromatic substrates in coal. This results in the formation of aromatic radical anions or dianions which undergo 
cleavage reaction a t  aryl ether and diaryl alkane linkages (8,9,10). The crown ethers also function a s  phase 
transfer catalysts and promote the electron transfer to the coal. The cleavage of ether linkages can render coal 
soluble with the formation of "coal oligomer" fragments. In this paper, the solubility of IC-CE treated Wyodak 
coal in THF and aqueous alkali solution is reported. The analysis of the solubilized coal by IR, ' H  and I3C 
NMR is also described. 

E X P E R I M E N T A L  

Reacfion 01 Wyodak Coal wifh K-CE Reogenf 

A 500 rnl round bottom flask was flame dried and flushed with nitrogen. Potassium metal (12 g, 307 mmole) 
was transferred into the flask in a glove box under nitrogen atmosphere. 350 ml of THF solution of crown ether 
(lG.2 g, G1 mmole) was added to  the potassium metal via a double-ended needle at  O'C when a dark blue soh- 
tion was obtained. Four gram of Wyodak coal (C = 70.20%; H = 4.69%; 0 = 23.7G%; N = 0.86%; S = 0.39%; 
100 mesh; prewashed with methanol, pentane and dried under vacuum a t  105.C for 24 hrs) was added to the 
IC-CE/THF solution. The reaction mixture was stirred for 24 hours (or 5 days in some runs) a t  room tempera- 
ture under nitrogen atmosphere. I t  was then cooled to 0°C and quenched with water. The THF was removed 
by rotoevaporation and the remaining aqueous slurry of coal was freeze dried to  remove the water. The work 
up of the reacted coal is shown in Figure 1. 

NMR Spectroscopic Analyaia 

' H  NMR spectra were obtained with a Nicolet NTC-470 spectrometer (470 M H z )  a t  ambient temperature. 
Coal samples (15 mg) were dissolved in 0.5 ml of chloroform-d or DMSO-d,. Proton decoupled I3C NMR spectra 
were obtained with a Nicolet NTC-200 a t  50 MlIz a t  ambient temperature (or 40°C) using a 1 2  mm probe. The 
sample concentration was 100 mg/ml of NMR solvent. For the THF-1 fraction chloroform-d was used, for the 
THF-2 fraction and the alkali-methylated coal DMSO-I, was used, and for the alkali-soluble fraction 
NaOD/D20 was used, 
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Infrared Spectra 

spectrum of the THF-1 fraction shows sharp aliphatic C H  stretching bands below 3000 cm-l, and aliphatic C-H 
bending bands a t  1450 and 1375 cm-' suggesting tha t  this extract contains predominantly aliphatic material. 
In addition to  the C H  stretching bands below 3000 cm-l, the spectrum of the THF-2 fraction shows a broad 
OH stretching vibration in the 31003200 cm-l region and two vibration bands a t  1410 em-' and 1375 cm-l 
corresponding to  the C-0 stretching vibrations. Thus, the THF-2 extract also contained aliphatic material 
which may be attached to a hydroxy aromatic ring system. 

Except for the untreated Wyodak coal, the IR spectra of all the extracts showed absorption bands for car- 
bonyl a t  1725 and 1710 cm-'. Using @-naphthol as a model compound to  react with K-CE, the results showed 
tha t  &tetralone, 5,8-dihydro-2-naphthol and 5,6,7,8-tetrahydro 2-naphthol were the major products. This indi- 
cated that in addition to  cleavage reactions, reduction of the coal phenolic units to carbonyl units is occurring. 
This explains the observed 1725 cm-' carbonyl bands in the IR spectra of the IC-CE treated coal fractions. In 
the alkali-soluble fraction an additional carbonyl band a t  1710 cm-l along with the broad stretching vibration 
extending from 3500 em-' suggested the presence of -COOH groups. The IR spectrum of the methylated product 
of the alkali-soluble fraction (spectrum not shown here) showed the carbonyl absorption was shifted to 1730 
em-' corresponding to the carbonyl of ester groups. This supported the presence of carboxyl groups in the 
alkali-soluble fraction. The carboxylated coal fragments may have arisen by cleavage of ester linkages in the 
coal by the K-CE reagent. In fact, it has been suggested that as much as 58% 01 the oxygen in this coal is 
present as ester linkages (11). However, more work needs to be done to quantify how much of the -COOH 
groups in the alkali fraction arise from ester cleavage and how much were originally present. Interestingly, 10% 
of Wyodak coal can be solubilized in aqueous NaOH a t  room temperature and the IR spectrum of the solubil- 
ized product showed carboxyl absorption bands, suggestive of ester linkages being hydrolyzed. 

' H  and NMR Spectra 

confirmed the presence of predominantly aliphatic material in this extract. The dominant sharp signal at  1.3 
ppm is characteristic of methylene protons of long chain polymethylenes. The sharp signal a t  1.0 ppm 
corresponds to parafinic CH, or CH, groups gamma or further from an aromatic ring. The spectrum of THF-2 
also showed the presence of long-chain polymethylene. The group of signals in the 2-3 ppm region can be 
assigned to dihydro aromatic protons or protons Q to  a n  aromatic ring. Based o n  the mechanism of the I<-CE 
reaction, reduction of aromatic rings to dihydro and even tetrahydro aromatics was expected and the NMR. evi- 
dence nicely corroborates it. 

The phenolic proton (5-7 ppm or 8.5-11 ppm) and earhoxylic proton signals (8.5-11 ppm) were found in the 
spectrum of the alkali-soluble fraction (Figure 3C). The spectrum of the methylated product of the alkali- 
soluble fraction (Figure 3D) showed the disappearance of the phenolic or carboxylic protons. Instead, a broad 
signal appeared a t  3.8-4.2 due to the -OCH, protons of methoxyl ester or phenolic methyl ester. The I3C NMFt 
spectrum of the methylated product (spectrum not shown) also showed two distinct signals a t  52 ppin and 56 
ppm corresponding to methoxyl of phenolic and aromatic esters, respectively. The broad signal a t  12 ppm in 
Figures 3B, 3C and 3D, could probably be due to strongly intramolecular H-bonded -OH groups. 

in Figure 4. The NMR spectra also strongly support the presence of long chain polymethylene groups in the 
extract. The most intense signal is at 30.2 ppm which is generally assigned to the internal methylene carbons of 
straight-chain alkanes (an average carbon chain length of approximately 8). The presence of a broad spectral 
envelope in the 15-50 ppm region in addition to  the sharp alkane lines is indicative of the extract's complexity 
arising out of the presence of only small amounts of these polymethylene-type compounds. The broad band on 
the 120-140 ppm region is due to the aromatic and polycyclic aromatic species of the extract. 

Figure 2 showed the infrared spectra of various extracts obtained from the IC-CE reaction with the coal. JR 

Proton NMR spectra of the soluble fractions are shown in Figure 3. The spectrum of THF-1 (Figure 3A) 

Proton decoupled "C NMR spectra of the THF-1 fractions from three successive IC-CE reactions are shown 
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RESULTS AND DISCUSSION 

Soluhilify o/ Wyodak Coal 

(TI-IF-1 and TI-IF-2) and an alkali-soluble fraction according to the work-up shown in Figure 1. Due to  the limi- 
tation of diffusion of solvated elections into the coal, the insoluble coal residue after each I<-CE reaction was 
subjected to second and third IC-CE reactions. The successive I<-CE reactions with coal solubilized additional 
coal. I t  was expected tha t  the analysis and comparison of soluble fractions among each successive I<-CE reac- 
tion may indicate whether or not coal is composed of some common major structural fragments (coal oligomers) 
which are linked together to  form the coal network. 

Using conditions described in the experimental section, for each I<-CE reaction, 20-30% of the coal was solu- 
bilized into the THF and aqueous alkali fractions. However, it was found that the solubility of coal depends on 
the amount of potassium and crown ether used and the length of the reaction time. Table 1 summarizes the 
results of various I<-CE and coal reactions using diRerent reagent stoichiometries and reaction times. The 
results show the alkali-soluble fraction increased significantly with a long reaction time. This suggested that 
more of the phenolic-type ether linkages were cleaved, thus increasing the alkali-soluble materials. When the 
amount of crown-ether was increased, the THF-1 soluble fraction increased 3- to G-fold. The increase in the 
conccntration of solvated electrons, due to the presence of more crown-ether, increased the amount of aromatic 
ring systems and phenolic or naphthol-type structures, being reduced, thus increasing the THF solubility. When 
thc ratio of potassium to coal was decreased, by using a large quantity of coal, the solubility of coal decreased 
siguificantly. This could be attributed to limitations in dillusion rates and availability of sufficient solvated 
electrons. 

After the reaction with IC-CE, the Wyodak subbituminous coal was fractionated into THF soluble fractions 

Table 1. Solubility of Wyodak Coal 
Ratio of Ratio of Reaction THF-1 Alkali-Soluble TIIF-2 

Reaction k/coal (g) IC-CE (mole) Time (%) (%I (%I 
One I<-CE 
Reaction 3 5 4 days 2 47 3 
Total of two 
IC-CE Reactions 3 5 4days 2 59 5 
Total of two 
I<-GI3 Reactions 3 3 20 hr G 40 3 
Total of two 
I<-CE Reaction 3 2 20 hr 12 35 4 
T o b l  of three 
I<-CE Reaction 1 5 2 days 2 34 10 

Microanalysis 

shown in Tshla 2. Thc results show t.11n.t after each I < - W  reaction or coal tlicre \vas an increase i n  the number 
of hydrogen atoms. The TI-IF-I fraction showed high H/C ratio indicating the fraction is rich in aliphatic 
material. IR and Nh?R spectra of the THF-1 fraction demonstrated the presence of long chain methylene 
groups. The hydrogen uptake is due to  reactions such as Birch-Huckel-type reduction, and cleavage of aliphatic 
bridges and ether linkages occurring during the I<-CE reaction with coal. 

Elemental compositions of the soluble fractions, the insoluble fraction and the original Wyodak coal are 

Tablc 2. Results of Elemental Analysis of Wyodak Coal 
Coal Samples C H 0 N S Ash I-I/C 
Wyodak Coal 70.29 4.G9 23.7G 0.8G 0.39 5.G8 0.80 
THF-1 Frnction 77.63 0.78 11.68 0.36 0.54 0.58 1.51 
Alkali-Soluble 88.38 4.95 25.50 0.93 0.33 0.39 0.87 
Insoluble Fraction 71.G8 5.36 21.95 0.59 0.42 2.87 0.90 
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The similarity between the spectrum of the THF-1 fractions from each successive K-CE reaction, strongly 
suggest that the major components of THF-1 solubles are a integral part of the coal network and not just 
"trapped molecules". The results also indicated that coal is composed of some common structural fragments 
(coal oligomers). Upon each IC-CE reaction, some part of the coal network was being snipped releasing these 
soluble coal oligomer fragments. 

Figure 5 shows the I3C NMR spectra of alkali-soluble fractions. The broad signals in the spectra again 
shows the complexity of the compounds in the extracts. Broad signals a t  0-50 ppm correspond to aliphatic car- 
bons. Aromatic carbons bonded to oxygen appeared between 150 and 160 ppm (aryl ethers and phenols). The 
region bctwcen 100 and 130 ppm corresponds to protonated aromatic carbons. Olefinic carbons are also 
observed. 

SUMMARY 
The IC-CE reagent has provided a way to dismantle the coal network and release soluble coal oligomer frag- 

ments, without recourse to any thermal or pressure effects. Up to  50% of Wyodak coal can be solubilieed into 
THF and the alkali-soluble fractions with the alkali-soluble fraction accounting for 90% of the total solubles. 
The TI-IF-I fraction is rich in aliphatic material, and polymethylenes were shown to  be the predominant com- 
ponent. Nkali-soluble fraction contained primarily phenolic and carboxy groups due to  the nature or the 
extract. In addition to  ether cleavage reactions, a major reaction pathway in the coal/I<-CE reaction was the 
reduction of phenolic groups to carbonyls. The rcsults of succcssive I<-CE/coal reactions showed tha t  the struc- 
tural components of the extracts from each reaction are very similar, suggesting common building blocks for the 
coal network. 

FIMS and MS/MS analysis of the extracts are under investigation to reveal more details about the struc- 
tural features of the coal. 
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INTRODUCTION 

Coal i s  a complex substance which i s  composed of organic material and variable 
quant i t ies  of inorganic matter in the form of minerals and  t race  elements. The 
presence of these inorganic consti tuents normally requires t h a t  cleaning o r  modifying 
procedures must be implemented prior t o  o r  during u t i l i za t ion  of the coa l ,  so t h a t  
problems such as bo i l e r  fouling, slagging. corrosion; ca t a lys t  poisoning; o r  
environmentally hazardous emission may be avoided. To f a c i l i t a t e  t h i s ,  the location 
and form, in addition t o  the concentration, of the inorganic substances must be known 
and understood. This i s  par t icu lar ly  important where a n  intimate re la t ionship  e x i s t s  
between the organics and the inorganics, making separation using conventional 
techniques more d i f f i c u l t .  This paper examines the re la t ionship  between organic 
matter and  the minerals and t race  elements i n  a northern Ontario l i gn i t e .  

These include a rapidly 
increasing number of accessory minerals (1) and u l t r a f ine  grains ( 2 )  including 
s i l i c a t e s ,  sulphides, carbonates, oxides and ra re  earth minerals. Mineral matter in 
coal has  t rad i t iona l ly  been examined by X-Ray Diffraction (XRO) following Low 
Temperature Ashing (LTA) ( 3 ) ,  however t h i s  method precludes examination of minerals 
i n  s i t u .  More recently Scanning Electron Microscopy (SEM) ( 4 )  and Scanning 
Transmission Electron Microscopy (STEM) ( 2 )  coupled with Energy Dispersive X-Ray 
analysis (EDX) a re  being u t i l i s ed  t o  determine the mineral d i s t r ibu t ion  and 
re la t ionship  t o  the organic matter. 

A variety of mineral su i t e s ,  re f lec t ing  the  changes in physical and geochemical 
conditions in the coal during formation, a r e  present in most coals.  They commonly 
include a de t r i t a l  mineral s u i t e  consisting of quartz,  feldspar and clay minerals,  a 
syngenetic su i t e  comprising clay minerals and a group of epigenetic minerals 
including for  example carbonates o r  sulphides. The l a s t  two mineral groups a re  
respectively extremely d i f f i c u l t  and r e l a t ive ly  easy to  remove from the coal a s  a 
r e su l t  of t he i r  varying modes of occurrence. Epigenetic minerals normally f i l l  
c l e a t s  and  exhibit  no re la t ionship  t o  the organic matter,  ,while syngenetic minerals 
may be intimately associated with the coal macerals. 

The concentrations and modes of occurrence of t r ace  elements in coal a re  
extremely variable. Concentrations of most elements are low compared with c rus ta l  
abundances, however cer ta in  elements including U ,  Ge and V may reach ore grade in 
some coals. Elements may be associated with the coal macerals, clay minerals,  
sulphides,  ra re  earth minerals, or they may be present as elemental grains.  A 
var ie ty  of geological and hydrological f ac to r s ,  such a s  depositional environment, 
depth of bur ia l ,  chemistry and flow ra t e s  of c i rcu la t ing  groundwater, rank and o ther  
post depositional e f f ec t s ,  influence both the concentration and  location of the t r ace  
elements. Coal rank and clay mineralogy appear t o  be par t icu lar ly  important 
influences on the l a t t e r  (5) .  Modes of occurrence of  t race  elements have been 
examined using a variety of techniques, including analysis of concentrations in f l o a t  

A large number of minerals have been ident i f ied  in  coal. 
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sink fract ions (6)  o r  with varying ash content ( 7 ) ;  leaching charac te r i s t ics  (8); 
correlat ion coef f ic ien ts  (10) .  and SEM-EDX (1 ) .  The l a t t e r  two techniques a re  used 
in t h i s  study. 

EXPERIMENTAL 

The l i g n i t e  samples discussed below were obtained from the Lower Cretaceous 
lignite-bearing succession in  the Moose River Basin, located in the James Bay 
Lowlands of northern Ontario. Outcrop exposures and d r i l l c o r e  were sampled. 
Sampling intervals  in  the coal seams varied from 1.0 t o  0.5 metres, based on 
l i thotype changes in  the  coal. 

Major mineral phases were ident i f ied by X-Ray Diffraction. Minor mineral phases 
and mineral-organic matter re la t ionships  were examined using a n  IS1 DS-130 SEM 
coupled with a PGT System I11 EDX.  Samples f o r  SEM-EDX were prepared from polished 
sect ions,  broken sample fragments and grain mounts fixed t o  aluminum studs using 
s i l v e r  paint, and carbon or gold coated pr ior  t o  analysis. 

31 major and t race  elements were analysed by X-Ray Fluorescence, Atomic 
Adsorption, a n d  Neutron Activation Analysis. Modes of occurrence of the t race 
elements were determined using Pearson correlat ion coeff ic ients  a n d  SEM-EDX. 
Discreet mineral grains  were analysed and element windows were r u n  over larger  areas 
t o  locate  elements randomly dis t r ibuted throughout the organic material. I n  t h i s  way 
organically bound elements o r  those associated with extremely f ine  grained a n d  
dispersed mineral matter were ident i f ied.  

RESULTS AND DISCUSSION 

The Moose River Basin l i g n i t e  i s  re la t ive ly  clean by comparison w i t h  United 
S ta tes '  and other  coals  worldwide. Isolated samples show no t races  of mineral 
matter, however most samples contain quartz and  kaol ini te .  Accessory clay minerals 
are res t r ic ted  t o  t race  amounts of mixed layer clays, i l l i t e  a n d  mica. Pyrite occurs 
in less  t h a n  half the samples analysed, and g ibbs i te ,  gypsum and s i d e r i t e  were noted 
in isolated samples. Mineral abundance and  modes of occurrence are  summarised in 
Table 1. 

Much of the mineral matter i s  d e t r i t a l ,  for  example quartz ,  mica and some 
associated clay minerals (Figure 1). Kaolinite appears t o  be b o t h  d e t r i t a l  a n d  
derived from in-si t u  fe ldspar  degradation. Authigenic (syngenetic) kaol ini te  i s  
commonly associated w i t h  f u s i n i t i c  l i g n i t e  (Figure 2 ) .  A number of other minerals, 
including pyr i te ,  a re  intimately associated with the organic matter. Pyrite occurs 
as c rys ta l s  i n f i l l i n g  ce l l  hollows (Figures 3 and 4 )  a n d  replacing ce l l  walls. 
Pyri te  also occurs epigenet ical ly ,  i n f i l l i n g  cracks i n  the l i g n i t e  (Figure 5 ) .  The 
so i ly  l ign i te  contains most mineral matter, which i s  a lso generally d e t r i t a l .  The 
woody and f u s i n i t i c  l i g n i t e  contain isolated d e t r i t a l  grains ,  occasional d e t r i t a l -  
rich bands, and some authigenic mineralisation. 

Trace 
element concentrations are  generally low, however Sr, Cd, Mo, Au, and  As values are  
elevated compared with concentrations in the  surrounding sediments. Modes of 
Occurrence of the elements, as determined from correlat ion coef f ic ien ts  (Table 3 ) ,  
vert ical  d i s t r ibu t ions  in the seams (Figure 6 ) ,  and SEM-EDX a r e  l i s t e d  in Table 4 .  
Association w i t h  the organic matter i s  the most common mode of occurrence. C1, Z n ,  
Mo a n d  possibly Pb occur in  t h i s  way, while Ni, S r ,  W and the platinum group elements 
are associated t o  some extent with the organic matter. Cr i s  associated with the 
heavy minerals, possibly as chromite grains ,  while C u ,  and i n  p a r t  Co, N i ,  Sr, U ,  and  
Th a r e  associated w i t h  the clay minerals. As, Cd and t o  some extent Co. Ni, Zr, and  
w are  located i n  the sulphide minerals. 

Trace and  major element contents of the l i g n i t e  a re  summarised in Table 2. 

t, 
4 2  I 



I 

Humic acids  a r e  the  main organic s i t e s  fo r  t r ace  element adsorption and 
As coa l i f i ca t ion  proceeds and aromatisation increases ,  humic acid 

Association of  t r ace  elements with organic mat ter  i n  
complexation (11). 
s i t e s  decrease i n  abundance. 
coal therefore appears t o  be favoured i n  lower rank coals. 

CONCLUSIONS 

A strong associat ion between the organic matter and both the minerals and t r ace  
elements i n  the Moose River Basin l i gn i t e  was established. Minerals a r e  d e t r i t a l ,  
syngenetic and epigenetic. Detr i ta l  and syngenetic minerals a r e  f i n e  grained and 
occur dis t r ibuted throughout and intimately associated w i t h  t he  organic matter. 
Epigenetic py r i t e ,  i n  contrast ,  i s  r e s t r i c t ed  t o  crack f i l l s  and could be readi ly  
removed from the coal. 

Trace element concentrations a re  var iable  and associat ion w i t h  the organic matter 
i s  the most common mode of occurrence. Elements a r e  a l so  associated w i t h  c l ay  
minerals, sulphides and heavy minerals. 
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Figure 1 SEM micrograph showing detrital quartz surrounded by clay 
minerals in woody lignite. Scale bar - 40 microns long. 

Figure 2 SEM micrograph showing clay minerals in fusinite. 
Scale bar -40 microns long. 
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Figure 3 SEM micrograph showing pyrite crystals infilling cells in 
woody lignite. Scale bar - 40 microns long. 

Figure 4 SEM micrograph showing a single pyrite crystal in a cell in 
woody lignite. Scale bar .  20 microns long. 
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1 

Figure 5 SEM micrograph showing pyrite lnfllilng a crack In woody 
lignite. Scale bar - 40 microns long. 

Table 1: Abundance and Mode o f  Occurrence o f  Minera ls  
i n  the Moose R iver  Basin l i g n i t e  

Suggested 
Abundance Mode(s) o f  Occurrence 

Quar tz  P - ND d e t r i t a l  

K a o l i n i t e  P - ND d e t r i t a l  

I l l i t e  T - ND d e t r i t a l  
Mica ND ( T I  d e t r i t a l  
Mixed l a y e r  c l a y  T - ND d e t r i t a l  

i n f i l l i n g  c e l l  hol lows 

a u t h i  geni  c (syngenet ic)  

P y r i t e  

S i d e r i t e  

T - ND i n f i l l i n g  c e l l  hol lows 
r e p l a c i n g  c e l l  w a l l s  
i n f i l l i n g  cracks 

ND ( T I  
Gypsum ND ( T I  r e c e n t  weather ing o f  p y r i t e  
G i  bbsi t e  ND ( T I  auth igen ic -coat ing  quar tz  g r a i n  surface 

P : Major component. 
T : Trace component. 

ND : Not detected. 
0 : Minera l  p resent  a t  t h i s  l e v e l  o f  abundance i n  on ly  one sample. 
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Table 2: Summary o f  major  and t r a c e  element data f o r  t he  
Moose River  Basin l i g n i t e s  

Moose R ive r  Basin 
l i g n i t e s  (17 samples) 

Element Mean Range 
x 

Si02 8.57 
3.18 
1.44 

M9O 0.30 

0.06 
1.77 
0.01 

3 3 3  

Na20 0.02 
K20 
Fe203 
MnO . ~~ 

T i02 0.17 
0.03 

83.59 
p205 
LO1 
S 1.44 
ppb (18 ashed sa ip ies )  
Au 
P t  
Pd _.._ 

Ir 0.07 

13.6 
13.3 
16.1 

si02 

CaO 
MgO 
Na2O 
K20 

A1203 

Fe203 
ElnO 

Cd 

0.34-30.20 
0.19-10.30 
0.57- 3.41 
0.11- 0.73 
0.00- 0.07 
0.01- 0.21 
0.24- 6.18 
0.00- 0.09 
0.01- 0.80 
0.00- 0.25 

55.50-97.40 
0.45- 2.47 

P Pm 
C r  
Rb 
S r  
Z r  
Cd 
co 
cu 
Pb 
Mo 
N i  
Zn 
U 
Th 
Mo 
AS 
W 

65.6 0.0 - 497.5 
5.9 0.0 - 20.0 

108.7 0.0 - 1000.0 
93.5 0.0 - 530.0 

0.76 0.0 - 4.77 
35.9 5.0 - 197.5 
20.0 2.0 - 44.0 
25.1 5.0 - 155.0 

5.9 5.0 - 15.0 
47.4 4.2 - 190.7 

159.2 5.2 - 1311.2 
1.60 0.14 - 7.20 
2.74 0.14 - 6.50 
9.1 9.0 - 9.5 
4.0 3.0 - 6.0 
1.7 1.0 - 3.0 

Table 3: Pearson corre lat ion matrix f o r  major and trace elements analysed i n  the  
Moose River Basin l i g n i t e s  

MnO 
.E3 T i02  

Ti02 .83 .78 .53 . 5 1  

Cr .54 
Rb .66 .72 
Sr .78 
2 r  .68 .75 
Th .60 .75 .69 
Th/U .54 

-.75 -.68 

. 51  
.60 

CO 
Cu .52 .79 
Mo 
Ni 

LO1 
CR 

Rb 

.57 
.57 

.94 
.61 

.65 

Sr 
Zr 

U 
Th 

-.60 CO 
Pb 

-.53 Mo 
.85 

.57 .55 
Zn 
S -.64 -.57 -.75 .50 -.50 -.65 -.69 .54 
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Figure 6 V e r t i c a l  d i s t r i b u t i o n s  of t r a c e  and major elements i n  
samples from a d r i l l  ho le  (5-1-2) i n  the  Moose River  Basin 

Table 4: Associat ions o f  t race  elements i n  the Moose R ive r  Basin l i g n i t e  

Element Mode o f  Occurrence Element Mode o f  Occurrence 

c1 
C r  
co 

N i  

cu 
Zn 
As 
Rb 
S r  

organics 
heavy minera ls  
su lph ides 
c lay  minera ls  
organ i c s 
c lay  minera ls  
p y r i t e  
c lay  minera ls  
organics 
supphi des 
d e t r i  t a l s  
carbonates 
c lay  minera ls  
organics 

Z r  
Mo 
Cd 
W 

PGE 

Pb 
U 

Th 

p y r i t e  
organics 
spha le r i t e  
sulphides 
carbonates 
d e t r i t a l  
organics 
organics? 
c l a y  minerals 
carbonate 
c l a y  minerals 
heavy minerals 
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Introduct ion 

Quant i ta t ive compositional da t a  f o r  coa l  t y p i c a l l y  c o n s i s t s  of bulk chemical 

da t a  for organic elements and analyses  of t h e  inorganic  elements i n  ash.  This  

paper focusses  on br inging together  procedures pr imari ly  using scanning e l e c t r o n  

microscopy (SEMI and e l ec t ron  microprobe ana lys i s  (EMPA) t o  obtain:  

(1) The inorganic element content  of bulk coa l  samples. 

(2 )  The inorganic element content  of s p e c i f i c  l i t ho types  and macerals i n  

coal .  

(3) The abundance of macerals i n  coa l  (using s tandard petrographic  tech- 

niques).  

(4)  The inorganic element content  of spec i f i c  mineral  phases i n  coal .  

( 5 )  The abundance of mineral  phases i n  coal .  

SEM/EMPA techniques allow both inorganic  ana lys i s  of bulk ma te r i a l s  and determina- 

t i o n  of chemistry and abundance of microscopic cons t i t uen t s .  

provides da t a  on individual  components which may be s i g n i f i c a n t  i n  a s ses s ing  

This approach 
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t h e  o r ig in  of a s p e c i f i c  coal.  i t s  d iagenet ic  and weathering h i s to ry ,  and its 

behavior during u t i l i z a t i o n .  

This paper s m a r i z e s  a s e r i e s  of procedures which a r e  combined t o  provide a 

more complete method of quan t i t a t ive  ana lys i s  of coa l .  

t h a t  i l l u s t r a t e  r e s u l t s  of t h e  use of these  var ious  procedures i n  understanding 

coa l  o r ig in  and u t i l i z a t i o n .  

Examples a r e  presented 

Met hods 

Methods summarized i n  t h i s  paper have been developed a t  t he  UND Energy Research 

Center and Department of Geology and Geological Engineering f o r  a v a r i e t y  of 

applied coa l  sc ience  s tud ie s  a t  t he  Center and academic research  and t h e s i s  

p ro jec t s  a t  the  Department. 

Sample Preparation: Sample prepara t ion  f o r  ana lys i s  of bulk coa l  by EMPA has 

been described by Karner and o the r s  (1986). 

powder. vacuum-dried and compressed under 10 tons pressure  t o  form two f l a t  

p e l l e t s  f o r  each s tandard  and unknown coal.  

i n  coal have been descr ibed  by Kleesa t t e l  (1985) and Zygarlicke ( In  Preparation).  

Vacuum dr i ed  samples of low-rank coa l  were crushed by mortar and p e s t l e  t o  pass  

8 20 mesh screen. 

molds 25 mm i n  diameter.  

e l imina te  a i r  bubbles.  

using procedures dependent upon the  ma te r i a l s  s tud ied .  

and abundance determinations.  standard procedures using water and o i l  a s  f l u i d  

media f o r  sawing and grinding were followed (Zygarlicke. In  Preparation).  For 

Samples were ground t o  a f i n e  

Samples f o r  ana lys i s  of minerals 

The coa l  was mixed wi th  epoxy and pressed i n t o  c y l i n d r i c a l  

Vacuum impregnation and/or press ing  was used t o  

Af te r  hardening, t he  epoxy plugs were cu t  and polished 

For mineral  ana lys i s  
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maceral abundance using l i g h t  microscopy, s tandard ASTM techniques were u t i l i z e d  

(Kleesat te l .  1985). For ana lys i s  of inorganic  elements i n  macerals. a s e r i e s  

of procedures a r e  being evaluated. 

not be used and t h a t  gr inding and po l i sh ing  dry or with minimal use of o i l  is 

best  when Na and other  e a s i l y  removed elements a r e  present .  A l l  samples f o r  

EMPA were carbon-coated. 

Preliminary r e s u l t s  show t h a t  water  should 

Analysis of Bulk Composition by EMPA: 

t h e  inorganic elements i n  bulk coal samples i s  given i n  Karner and o t h e r s  

(1986). A peak-to-continuum (P/C) r a t i o  method i s  used in s t ead  of s tandard ZAF 

correct ion procedures because of t h e  heterogeneous cha rac t e r ,  low dens i ty .  and 

l i g h t  element composition of coa l  and o the r  organic mater ia ls .  Similar  procedures 

have been developed by workers i n  t h e  b io log ica l  sciences  (Hall. 1968; Russ. 

1974; Statham and Pauley. 1978 and Small and o the r s ,  1980). 

A q u a n t i t a t i v e  method f o r  t h e  a n a l y s i s  of 

In t h e  P/C method. as an i n i t i a l  approximation. continuum and c h a r a c t e r i s t i c  

r ad ia t ion  a r e  s imi l a r ly  a f f ec t ed  by changes i n  p a r t i c l e  s i ze .  dens i ty  and 

specimen thickness.  

approximately constant  f o r  a given elemental  concentrat ion.  

National Bureau of Standards (NBS) reference s tandards including fou r  bituminous 

coals ,  two subbituminous coa l s  and t h r e e  d r i ed  p l an t  ma te r i a l s  was used t o  

evaluate  the  P / C  method (Karner and o the r s ,  1986). Operating cond i t ions  of a 

JEOL 3 5 C  microprobe system were 15 keV acce le ra t ing  vo l t age  and 920 picoamperes 

beam current .  

ana lys i s  time 400 seconds. A Kevex. l i thium-drif ted s i l i c o n ,  s o l i d  s ta te  de tec to r  

was used with a TracorNorthern TN2000 x-ray a n a l y s i s  system. The region 2.00 

The r a t i o  of peak in t ens i ty ;  t o  continuum i n t e n s i t y  i s  

A study of n ine  

The probed a rea  was approximately one square mi l l ime te r  and t h e  
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- 5.00 keV w a s  used f o r  measurement of continuum i n t e n s i t y .  A re ference  l i b r a r y  

of pure element and oxide standard spec t r a  w s s  used wi th  the  Tracor-Northern 

XML l e a s t  squares  f i t t i n g  rou t ine  t o  genera te  peak-to-continuum elemental 

r a t io s .  

Analysis of t h e  s tandards  provided d a t a  t o  c a l c u l a t e  t h e  elemental  composition 

of unknowns a s  w e l l  a s  a means of t e s t i n g  l i n e a r i t y  of t he  p l o t s  of determined 

and expected concent ra t ions  f o r  the  s tandards .  

others.  1986) t h a t  t h e  method performed wel l  f o r  Al. Ca. S and K; t ha t  a g rea t e r  

It was concluded (Karner and 

range of  composition of  s tandards  was necessary t o  confirm t h e  apparent good 

f i t  of Na. Mg. S i .  P. C 1  and Ti: and t h a t  Pe shared cons iderable  s c a t t e r .  More 

complete documentation of cu r ren t  s tandards  and add i t iona l  s tandards  a r e  necessary 

t o  improve r e s u l t s  f o r  t h e  l a t t e r  elements. 

Analysis of Lithotype and Maceral Composition by WPA: 

ana lys i s  of macerals by  EMPA focussed on organic s u l f u r ,  f o r  example s t u d i e s  by 

Sutherland (1975). Boenteng and P h i l l i p s  (19761, Harris and o the r s ,  (1977). 

Raymond and Gooley (1978) and Markuzewski and o the r s  (1981). Recent work is 

much more d ive r se  and w i l l  not be surveyed i n  t h i s  paper. 

s t u d i e s  a r e  based on t h e  P/C approach ou t l ined  above and documented more completely 

i n  Karner and o the r s  (1986). The a n a l y t i c a l  procedure f o r  l i t ho types  and 

macerals was i d e n t i c a l  t o  t h a t  f o r  bulk coa l  except t h a t  smal le r  areas.  t yp ica l ly  

from 20 t o  70 square microns were used f o r  ana lys i s .  

ana lyses  may r e s u l t  i n  observable beam damage t o  t h e  specimen and l a r g e r  a reas  

typ ica l ly  a r e  not homogeneous. 

i n t o  ch ips  f o r  ana lys i s .  

Early approaches t o  

Our quan t i t a t ive  

Smaller a r eas  and poin t  

Spec i f ic  l i t ho types  a r e  hand-picked end crushed 

Macerals were i d e n t i f i e d  o p t i c a l l y  by examining 

I '~ 
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polished sec t ions  with a conventional r e f l ec t ed  l i g h t  microscope. 

macerals. p a r t i c u l a r l y  u lmini te  and v i t r i n i t e .  were o f t en  e a s i l y  recognized by 

t h e i r  c h a r a c t e r i s t i c  SEM secondary and/or backsca t te red  e lec t ron  images. 

However, 

I n  order t o  obta in  quan t i t a t ive  chemical da t a  f o r  l i t ho types  and macerals i n  

sec t ions  of polished ch ips  w e  have compared ana lyses  of near ly  homogenous 

ma te r i a l s  prepared by two d i f f e r e n t  methods as described above. V i t r a in  from 

t h e  Hagel Bed a t  t h e  Baukol-Noonan Mine near  Center. N.D. was obtained from a 

s ing le  p iece  of f o s s i l i z e d  wood about 10 cm i n  diameter. Megascopically. t h e  

v i t r a i n  was uncontaminated by extraneous ma te r i a l  and came from a small  zone i n  

t h e  wood. 

coa l  and pa r t  was broken i n t o  ch ips  and analyzed as t h e  l i t ho type  v i t r a i n  

cons is ted  e s s e n t i a l l y  of t h e  maceral ulminite.  

ana lys i s  and maceral ana lys i s  (Table 1) show tha t :  

, 

Part of t he  mater ia l  was ground and analyzed a s  a sample of bulk 

The r e s u l t s  comparing bulk 

(1) Average chemical compositions by both methods were very similar 

pa r t i cu la r ly  f o r  Na. Mg. S .  K. Ca and Fe. This observation suppor ts  

t he  v a l i d i t y  of t h e  use of t he  technique f o r  epoxy-mounted chips.  

(2) A l .  S i  and T i  averaged 1.5 t o  2.6 t imes a s  abundant i n  the  powders a s  

t he  v i t r a i n  ch ips  showing t h a t  add i t iona l  a luminos i l ica te  minera l  mater ia l  

was incorporated i n  the  powders bu t  was not  present  i n  t h e  c l e a r  

unfractured and una l te red  a reas  of t he  ch ips  which were se l ec t ed  

f o r  ana lys i s .  

of t he  d i s t r i b u t i o n  of a luminos i l ica te  ma te r i a l  i n  v i t r a i n  should be 

undertaken. Synthetic.  homogeneous mater ia l  of appropr ia te  chemistry 

These observed v a r i a t i o n s  suggest t ha t  f u r t h e r  ana lys i s  
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should be sought t o  f u r t h e r  t e s t  t h e  r e l a t ionsh ip  between analyses of 

powders and ch ips .  

Analysis of Abundance of Macerals: 

modified f o r  low-rank c o a l s  a s  described by K l e e s a t t e l  (1985) must be used 

t o  determine the  abundance of maceral types i n  low-rank coa ls .  

Standard procedures of coa l  petrography 

Analysis of Mineral Phases by EMPA: 

used i n  t h e  study of minera ls  i n  coa l .  

t o  analyze macerals a r e  examined for mineral g ra ins  using secondary and back- 

sca t t e red  images. Size. shape, chemistry and a s soc ia t ion  wi th  o ther  minerals 

and w i t h  macerals may b e  determined. 

described a n a l y t i c a l  procedures with matrix co r rec t ion  by conventional ZAF or 

Bence-Albee procedures. 

Conventional microprobe techniques may be 

In p rac t i ce .  t h e  same epoxy plugs used 

Chentjfitry is determined using t h e  previously 

Analysis of Abundance of M i n e e :  

t o  the  

minerals i n  coa l  fragments were used. 

was programmed t o  move the  epoxy plug i n  increments of equal length  under t h e  

s t a t iona ry  e l ec t ron  beam. 

500 poin ts  on mscerals and minerals were obtained over an a r e a  of 2.0 - 2.5 

cm2. 

bu t  were disregarded. 

and used t o  d i s t ingu i sh  between mecerals. minerals.  and epoxy. 

on a manual counter.  

and s tored  on a floppy d i sk  for d e t a i l e d  examination. 

Standard methods of po in t  counting adapted 

c h a r a c t e r i s t i c s  of t h e  SEM/EMPA systems, and t o  the  d i s t r i b u t i o n  of 

The automated s t age  of t h e  SEM system 

A g r id  of ana lys i s  po in t s  was e s t ab l i shed  so t ha t  

Points on epoxy ranged up t o  30 percent of those  on macerals and minerals 

An elemental  energy spectrum was obtained a t  each point 

Data was recorded 

Mineral spec t r a  were acquired over a period of 50 seconds 

Mineral spec t r a  were 
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recorded separa te ly  a s  s p e c i f i c  phases and a l l  maceral spec t r e  were recorded a s  

coal.  

r a r e ly  had more than 10 d i f f e r e n t  minerals. 

which were e a s i l y  recognized. 

Percentages of t o t a l  oxides present  were ca lcu la ted  by co r rec t ion  programs. 

Notable exceptions were H20 and C02 a f fec t ing  most s t rongly  t h e  ana lyses  of 

c lay  minerals and carbonates.  

a l l o t t e d  t o  minerals i f  t he  oxide content exceeded 30 percent.  

Low rank coa l s  t y p i c a l l y  contained 3-4 minerals of major abundance and 

Many minera ls  had s p e c t r a l  pa t t e rns  

Clay minerals were most d i f f i c u l t  t o  i den t i fy .  

Combinations of maceral and mineral  spec t r a  were 

Application 

The procedures described i n  t h i s  paper w i l l  enable a major advance i n  t h e  

ana lys i s  of coa l  and coa l  components, p a r t i c u l a r l y  i n  low-rank coa ls  which 

contain r e l a t i v e l y  l a r g e  amounts of inorganic elements which a r e  organica l ly  

bound. 

separa te ly  and a r e  combining them i n  cu r ren t  s tud ie s .  

i n i t i a l  s tud ie s  a r e  summarized below. 

We have conducted seve ra l  s tud ie s  u t i l i z i n g  the  recommended methods 

'TWO examples of t h e  

Analysis of Macerals i n  Low-Rank Coals: 

group macerals i n  four  low-rank coa l s  w a s  summarized i n  Karner and o t h e r s  

(1985a. 1985b. 1986). Analyses of u lmini te  r ep resen ta t ive  of t h e  Beulah-Zap 

(BZ) and Hagel (HG) l i g n i t e s .  ND. t he  Martin Lake (ML) l i g n i t e ,  TX. and v i t r i n i t e  

of t h e  Rosebud (RB) subbituminous coal.  MT were made us ing  t h e  P I C  method 

(Karner and o thers ,  1986). 

maceral. u lmini te  or v i t r i n i t e .  wi th in  a s p e c i f i c  low-rank coa l ,  has a r e l a t i v e l y  

The inorganic  chemistry of huminite 

The r e s u l t s  showed t h a t  t h e  major huminite group 
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high  content of inorganic  elements. 

s l imi ted  range of v a r i a b i l i t y  and i s  d i s t i n c t  from t h a t  of o the r  coa ls .  

comparison of t he  four  coa l s  i s  discussed by Karner and o the r s  (1986). 

u lmini tes  have high Na and Fe and low S and t o t a l  cons t i t uen t s .  HG u lmini tes  

have high Ca and low N a  and S. ML u lmini tes  have low Na and h igh  Mg. S and 

t o t a l  cons t i t uen t s  w h i l e  RE v i t r i n i t e  has moderate t o  low va lues  f o r  a l l  elements. 

Within the  coa ls ,  BZ and HG u lmin i t e s  tend t o  occur a s  e i t h e r  low or high 

Na+Mg+Ca types ,  ML u lmin i t e  occurs a s  a low o r  high Al+Si type and RB v i t r i n i t e  

types  vary from low t o  high Mg/Al r a t i o .  

macerals and the  bulk compositions of t he  four  c o s l s  have s t r i k i n g  s i m i l a r i t i e s  

which a re  i l l u s t r a t e d  i n  Figure 1 (Karner and o thers .  1985b). BZ i s  a high Na 

and low S coa l  and i t s  u lmini te  compositions p l o t  r e l a t i v e l y  high i n  Na and 

r e l a t i v e l y  low i n  S compared t o  the  o ther  coa ls .  

low N a  and high Ca and ML u lmini te  has low Na and h igh  S matching the  compositions 

of t h e  respec t ive  coa l s .  

t h e  inorganic chemistry of whole coa l  and macerals. 

i z a t i o n  may have g r e a t  s ign i f i cance  f o r  t h e  development of our understanding of 

coa l  formation and c o a l  u t i l i z a t i o n .  

The maceral composition wi th in  a coa l  has 

A 

BZ 

The chemistry of t he  huminite group 

Simi la r ly ,  HG u lmini te  has  

The P/C method provides a means t o  compare and r e l a t e  

Such geochemical character-  

Abundance of Minerals i n  the  Harmon Ligni te  Bed: 

t h e  Harmon l i g n i t e  bed from t h e  Gascoyne Mine, ND has  been determined by point-count 

methods by Zygarlicke ( I n  Prepara t ion) .  Ash. mineralogy and combustion da ta  

a r e  given i n  Table 2. 

Dakota l i g n i t e s .  

behaviors and va r i ab le  sodium contents.  

guide for  combustion behavior i n  t h i s  case.  

The SEM/EPMA mineralogy of 

Sodium is t h e  major f a c t o r  determining foul ing  i n  North 

The White P i t  and Blue P i t  Coals have d i f f e r e n t  combustion 

Sodium content i s  not  an adequate 

Normally one would expect t h e  Blue 
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p i t  coa l  t o  have t h e  s t ronges t  fou l ing  tendency because of i t s  higher  sodium 

content ,  however, t h e  White p i t  coa l  i s  much more severe i n  i t s  fou l ing  tendency. 

The severe foul ing of t h e  White P i t  c o a l  i s  thought t o  be a d i r e c t  r e s u l t  of t h e  

high clay mineral  and qua r t z  contents  of t h e  coal .  

l e s s  severe i n  i t s  behavior had lower c l a y  mineral  and quartz  contents .  

observat ions may ind ica t e  t h a t  t h e  g r e a t e r  a v a i l a b i l i t y  of a luminos i l i ca t e  

material i n  t h e  White p i t  coa l  allowed f o r  t h e  formation of much harder  and more 

extensive ash foul ing deposi ts .  Quan t i t a t ive  information on t h e  abundance of 

mineral  phases i s  use fu l  i n  i n t e r p r e t i n g  behavior of coa l  during u t i l i z a t i o n .  

The Blue P i t  coa l  which w a s  

These 

i 

I 
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Table I. Results of Microprobe Analyses Comparing Weight Percentages of 
Elements Determined in Ground Samples Versus Epoxy-mounted Chips of Vitrain 

AVERAGE FOR FOUR AVERAGE FOR 
AREAS OF GROUND SINGLE AREAS ON 

ELEMENTS POWDER PELLET EACH OF FIVE GRAINS 

Na 

A1 
Si 
S 
K 
Ca 
Ti 
Fe 

Mg 
0.34 
0 .30  
0.74 
0.14 
1.28 
0 .03  
1.18 
0.05 
0.07 

0 .39  
0.26 
0 .28  
0 .09  
1.42 
0 .03  
1 . 1 6  
0 . 0 2  
0.07 

Table 2 .  Ash, Mineral and Combustion Data for Gascoyne Mine Lignite 

Quartz 
Kaolinite 
Montmorillonite 
Pyrite 
Illite 
Unknown Clay Mineral 
Gypsum 
Hematite 
Chlorite 
Total Minerals* 
Ash* 
Na 0** 
Fozling Tendency 

White Pit 

10 .06  
1 .12  
0 .70  
1 .41  
0.77 

14.07 
17.10 

3.50 
Severe 

"Weight percent of coal 
**Weight percent of ash 

60 

Blue Pit 

3 .34  
0 .39  

2.23 

0 .39  

0 . 7 8  

7 . 1 4  
1 0 . 1 2  

6 .90  
High 

Red Pit 

2 .35  
0 .39  

2 .23  

1 . 0 4  

0 . 4 4  
6 . 4 5  

1 0 . 3 0  
2 . 7 0  
Medium 



Figure 1. S-Na-Ca Plot  of Characteristic Ulminite Types i n  Beulah-Zap and 

Hagel L ign i te s ,  North Dakota, Martin Lake Lignite .  Texas and 

V i t r i n i t e  i n  the  Rosebud Subbituminous Coal Montana. 

S - Na - Ca PLOT 
OF CHARACTERISTIC 
ULMINITE TYPES 

Abundances given in weight 
Dercent measured bv 

s a 76 0.73 
N= 0.060.12 MARTIN LAKE 
Ca 0.71 0.86 

ROSEBUD 

Ca 1 6 9  1.67 

s 0.58 0.51 
~a 0.06 0.07 
Ca 1.03 2.40 

Ca 

s 0.45 0.43 
~a 0.32 0.54 
ca 0.49 1.54 
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ABSTRACT 

Automated image analysis (AIA) was used with scanning electron 
microscopy (SEM) and energy-dispersive x-ray spectroscopy to charac- 
terize the mineral matter in two western sub-bituminous coals from 
the Adaville No. 11 seam (Kemmerer, WY) and the Dietz No. 1 & 2 seams 
(Decker, NT). The samples were ground to -200 mesh and cleaned by 
float-sink separation at 1.40 and 1.38 sp. gr., respectively. The 
particles were characterized before and after cleaning for mineral 
phase and size distributions by classifying them into 6 sizes and 16 
mineral categories. Quartz was the dominant mineral in both coals, 
with the Adaville sample containing primarily quartz and an iron-rich 
mineral. Traces of apatite were also detected in the Adaville 
samples. The Dietz coal contained primarily quartz and kaolinite. 
Preliminary results are also presented for the association of the 
mineral particles with the coal matrix. These analyses were 
performed by automatically classifying the composite mineral-coal 
features into 10 types of particles of increasing specific gravity. 
The results closely estimated the total mineral matter content, as 
calculated from the ASTM ash content, and the specific gravity 
distributions were consistent with data obtained from the cleaning 
step. 

INTRODUCTION 

Scanning electron microscopy ( S E N )  in conjunction with energy- 
dispersive x-ray spectroscopy can provide in-situ characterization of 
mineral particles in coal for size, shape, chemical identity, and 
relation to the coal matrix. Automated image analysis (AIA) tech- 
niques are currently available to permit rapid SEM characterization 
of statistically significant numbers of particles, providing data for 
the size distribution of individual minerals as well as for the the 
total mineral matter content. These data can aid in the decision- 
making process about the extent of grinding needed for effective 
liberation of mineral matter from coal. AIA-SEN has a decided advan- 
tage over other techniques, such as the ASTN ash determinations which 
provide no information on the original mineral or size distributions, 
or x-ray diffraction or FTIR analyses which require time-consuming 
sample preparation but cannot provide size information. Since the 
AIA data permit cleaning effectiveness to be evaluated with respect 
to both mineral phase and particle size, problems with the removal of 
certain particle sizes or phases can be detected and remedied. 

AIA-SEN has been used previously at the Ames Laboratory for the 
characterization of several series of physically and chemically pro- 
cessed bituminous coals (1-3). In this study, AIA-SEN was applied to 
two sub-bituminous coals before and after physical cleaning. In 
addition, preliminary results are presented for the direct measure- 
ment of the extent of association of mineral particles with coal. 
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. I  

EXPERIMENTAL 

Coal Sample Description 

the Dietz No. 1 6, 2 seams (Decker, MT), were ground to nominal 200 
mesh ( - 7 0 4 0 %  less than 74 pm), typical of coals introduced into 
pulverized fuel boilers, and were cleaned in a halogenated hydro- 
carbon to produce a superclean product with a target ash level of 
- 3 % ,  using specific gravities of 1.40 and 1.38, respectively. The 
raw and clean coal fractions were analyzed by standard ASTN tech- 
niques for moisture, ash, and sulfur levels (see Table 1). Because 
both raw coals had low levels of sulfur and moderate levels of ash, 
typical of western coals, only -56% of the mineral matter was removed 
from the Adaville coal, and o n l y  -30% of the mineral matter was 
removed from the Dietz coal. 

Two coals, from the Adaville No. 11 seam (Remmerer, WY) and from 

Table 1. Analyses of Raw and Cleaned Coalsa 

~~ 

Adaville No. 11 Dietz NO. 1 6 2 

Raw Clean Raw Clean 
Rank subs subA 
Moisture 22.15 11.29 19.82 11.96 
Pyritic S 0.03 0.01 0.02 0.02 
Sulfate s 0.03 0.01 0.02 0.01 
Organic S 0.81 0.70 0.51 0.36 
Total S 0.86 0.71 0.56 0.40 
Ash 9.20 4.07 5.31 3.70 

4.60 6.01 4.19 
--- JOT28 

a Values are expressed as wt. % on a dry basis, except for 
moisture which is presented on an as-received basis. 
Calculated by modified Parr formula, as defined in ref. 4: 
Mineral matter - 1.13(ash) + 0.47(pyritic sulfur) 

Procedures 
Since details of the AIA-SEN mineral analyses were described 

elsewhere (1,2), only the mineral-coal association analysis procedure 
will be described in this paper. One set of coal-epoxy pellets was 
prepared using standard petrographic techniques for the AIA mineral 
study. A second set of pellets was prepared for the association 
study of the mineral particles with the coal. For these pellets, 
2 9. of coal were mixed with 8 9. of melted Carnauba wax, placed .in a 
1-in. diameter mold under pressure, and allowed to cool. The solid 
pellets were ground to expose a cross section, polished, and coated 
with -50 A of carbon to provide a conductive surface for SEN 
examination. 

Analysis Hardware. 
described (1,2) for mineral analyses, a LeMont Scientific OASYS image 
analyzer system was employed f o r  the mineral-coal association 
studies. The OASYS image analyzer can process entire images at a 
time, whether they be from an SEN or a TV camera, and can analyze up 
to 16 different gray-levels of particles with capabilities for image 
enhancement and processing. 

In addition to the AIA-SEN system previously 
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SEM Conditions. For both types of studies, samples were analyzed in 
€he SEM with an accelerating potential of 25 kV and a beam current of 
-4 nA, using the backscattered electron signal since it is especially 
sensitive to the average atomic number of a phase in a polished cross 
section. Therefore, mineral particles stand out much brighter than 
coal particles. 

AIA-SEM Association Analyses. The LeMont OASYS image analyzer was 
used for the preliminary automated association studies. A minimum of 
24 fields were digitizea for each sample over a range of magnifica- 
tions from 50x to 300x and recorded on magnetic disk. Thousands of 
coal and mineral particles were represented by these images. 

The intensity of the backscattered electron signal was divided 
into four segments of increasing brightness to encompass signals from 
the mounting medium, the coal particles, most minerals, and finally 
pyrite. The OASYS "Linescan" software package was used to measure 
the area of associated coal, pyrite, and other mineral particles for 
each composite feature while keeping track of the association of the 
individual features. A pixel density of 512 points across the screen 
was fixed by the OASYS hardware. 

abundance of the phases, determined according to gray level, into one 
of six specific gravity classes (t1.3, 1.3-1.4, 1.4-1.5, 1.5-1.6, 
1.6-1.7, and 1.7-1.8) or into four special classes (pure coal, pure 
pyrite, pure "other" minerals, or a pyrite/mineral mixture). Com- 
posites were also classified into the same six size ranges used for 
the mineral analyses. 

Composite coal-mineral features were assigned by the relative 

RESULTS AND DISCUSSION 

Mineral Analyses 
The AIA results for the raw and cleaned Adaville and Dietz coals 

presented in Tables 2a-c and 3a-c, respectively, provide much more 
insight into the nature of the mineral matter in these samples than 
do the ASTM results. The data presented are for minerals in the raw 
coal, minerals in the clean coal, and the percent removal of mineral 
matter in each size-mineral class. In all cases, the data are pres- 
ented as weight percent of dry coal. 

primary mineral phases are quartz and an iron-rich phase. 
clusive identification is presently available for the iron-rich 
phase, but iron hydroxides are likely candidates. These mineral 
matter characteristics are in contrast to previous findings for mid- 
western bituminous coals (1,2), in which the predominant minerals 
were pyrite, quartz, kaolinite and illite. The particle size distri- 
bution of the minerals was notably coarse; about 44% of the mineral 
matter was 'larger than 36 pm. 

The AIA results also showed the presence of apatite. The amount 
found was small (0.62% of the dry coal), but it was confirmed by the 
presence of very small peaks at the appropriate locations in x-ray 
diffraction patterns. Although this mineral is not unusual for 
western coals and it does not pose any particular environmental 
hazard, its detection at such low levels is interesting and demon- 
strates the utility of the AIA-SEM technique for detecting small 
amounts of discrete phases as they occur disseminated throughout a 
matrix. The other minerals in the raw coal were present in smaller 
amounts and consisted of kaolinite, illite, montmorillonite, pyrite, 
and other miscellaneous phases. 

In Table 2a. results for the raw Adaville coal indicate that the 
No con- 
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0.68 0.94 0.34 0.48 0.37 0.09 
0.05 0.14 0.02 0.01 0.00 0.00 
0.10 0.12 0.04 0.03 0.01 0.00 
0.03 0.04 0.01 0.01 0.01 0.00 
0.12 0.30 0.07 0.07 0.06 0.04 

Table 2a. AIA Results f o r  Raw Adaville Coal (200 mesh x 01, Expressed 
as Weight Percent of Dry Coal 

2.90 
0.22 
0.31 
0.10 
0.66 

Size, pm 
Mineral Phase I <4 <7 <12 <21 <36 >36 I TOTALS 

PYRITE 
KAOLINITE 
ILLITE 
MONTMORILLONITE 
QUARTZ 
APATITE 
FE-RICH 
SILICATES 
OTHER 

TOTALS 

PYRITE 
KAOLINITE 
ILLITE 
MONTMORILLONITE 
QUARTZ 
APATITE 
FE-RICH 
S I L I CATES 
OTHER 

31 -- 
-115 -9 

57 

-114 -124 
-29 -295 
-46 12 

73 77 

-16 17 

-- 
-- -- 

-- -- 

0.04 
0.04 
0.00 
0.00 
0.32 
0.04 
0.07 
0.00 
0.46 

0.00 0.01 
0.11 0.06 
0.04 0.03 
0.00 0.02 
0.42 0.20 
0.04 0.06 
0.14 0.09 
0.00 0.02 
1.30 0.29 

0.01 
0.11 
0.02 
0.02 
0.35 
0.07 
0.15 
0.04 
0.33 

0.01 0.05 
0.09 0.13 
0.02 0.21 
0.04 0.18 
0.47 1.68 
0.07 0.35 
0.16 1.57 
0.03 0.11 
0.i4 0.25 

0.12 
0.53 
0.32 
0.26 
3.44 
0.62 
2.18 
0.20 
2.76 

TOTALS I 0.95 2.03 0.77 1.10 1.03 4.53 I 10.41 

Table 2b. AIA Results for Clean Adaville Coal (Floated at 1.4 
Sp. Gr.), Expressed as Weight Percent of Dry Coal 

S i z e ,  p m  
Mineral Phase I <4 <7 <12 <21 <36 >36 I TOTALS 
PYRITE 

APATITE 
FE-RICH 
SILICATES 
OTHER 

0.02 0.02 0.01 0.02 0.01 0.00 I 0.08 
0.08 0.11 0.04 0.02 0.02 0.00 0.27 
0.02 0.02 0.01 0.01 0.00 0.00 0.05 
0.01 0.00 0.00 0.00 0.00 0.00 0.01 

TOTALS I 1.10 1.69 0.54 0.66 0.48 0.13 I 4.60 

Table 2 c .  Percent Removal of Mineral Matter from Adaville Coal 

Size, pm 
Mineral Phase I <4 <7 <12 <21 <36 >36 I TOTALS 

45 -242 14 100 
33 78 80 100 
62 51 100 100 
92 93 100 100 

-73 -37 23 95 
58 91 100 100 
54 80 93 100 
48 70 60 100 
77 79 55 04 

30 40 54 97 

33 
48 
83 
95 
16 
66 
06 
49 
76 
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Table 3a. AIA Results for Raw Dietz Coal (200 mesh x O ) ,  Expressed as 
weight Percent of Dry Coal 

Size, pm 
Mineral Phase I < 4  <7 <12 <21 <36 >36 I TOTALS 

0.27 0.30 0.29 0.28 0.11 0.00 
0.03 0.03 0.03 0.03 0.02 0.00 
0.09 0.05 0.04 0.01 0.00 0.00 
0.41 0.46 0.14 0.11 0.17 0.06 

PYRITE 
KAOLINITE 
ILLITE 
QUARTZ 

1.24 
0.14 
0.19 
1.36 

CALCITE 
SILICATES 
OTHER 

. -  _ _  _ -  
-178 15 12 -14 100 -- 

1 -22 46 34 -186 -- 
6 -4 20 25 49 83 

0.07 0.05 0.10 0.00 0.07 0.07 
0.16 0.23 0.28 0.50 0.20 0.00 
0.02 0.01 0.06 0.02 0.15 0.00 
0.21 0.24 0.22 0.43 0.59 0.36 
0.11 0.09 0.08 0.03 0.00 0.00 
0.04 0.06 0.05 0.01 0.06 0.00 

_ -  
4 

-5 

30 

0.35 
1.38 
0.26 
2.05 
0.31 
0.22 I 0.46 0.42 0.29 0.20 0.07 0.00 I 1.44 

TOTALS I 1.07 1.12 1.07 1.19 1.13 0.43 I 6.01 

Table 3b. AIA Results for Clean Dietz Coal (Floated at 1.38 Sp. Gr.), 
Expressed as Weight Percent of Dry Coal 

Size, um 
Mineral Phase I < 4  <7 <12 <21 <36 >36 I TOTALS 
PYRITE 
KAOLINITE 
ILLITE 
QUARTZ 
CALCITE 
SILICATES 
OTHER 

0.04 0.05 0.06 0.10 0.00 0.00 
0.06 0.14 0.18 0.23 0.22 0.12 
0.00 0.01 0.02 0.03 0 . 0 0  0 . 0 0  

TOTALS I 0.90 1.04 0.76 0.80 0.52 0.18 I 4.19 

Table 3c. Percent Removal of mineral Matter from Dietz Coal 

Mineral Phase 

PYRITE 
KAOLINITE 
ILLITE 
QUARTZ 
CALCITE 
SI LI CATES 
OTHER 

TOTALS 

Size, pm 
< 4  <7 <12 <21 (36 >36 I TOTALS 
35 2 30 -- 100 100 1 74 
60 31 29 48 -23 -- 22 
75 -15 64 -47 100 -- 73 

-44 -39 -49 28 80 100 I 32 1 2  66 52 -6 -- -- 51 
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FOK the Adaville coal (Tables 2a-c), little of the mineral 
matter finer than 36 pm was removed. In the raw coal, 4 4 %  of the 
mineral matter was larger than 36 pm in diameter. From ASTM data 
(Table 11, only 56% of the mineral matter was removed. Data in 
Tables 2a-c show that removal of mineral matter from the >36 pm size 
class accounted for 76% of all the mineral matter removed; the 
removal was progressively less for the,smaller size classes. 

The Dietz coal shows similar trends (Tables 3a-c). The mineral 
matter in the raw coal was dominated by quartz, followed by kaol- 
inite, and then other minerals. However f o r  this coal, the mineral 
matter was spread over the entire particle size range. Only 26% of 
the mineral matter was in the two largest size classes (i.e., >21 
urn). Of the 30% of the mineral matter was removed during cleaning, 
47% was due to the removal of particles larger than 21 pm. Much 
smaller reductions in mineral matter are noted for the finer size 
ranges. 

were disseminated widely throughout the coal and were intimately 
associated with the organic matter, so that even at a nominal size of 
200 mesh, relatively little mineral matter could be removed by float- 
sink cleaning. Use of AIA to measure directly the extent of mineral- 
coal association should help to confirm this. 

Association Studies 
Preliminary results from the association studies of minerals and 

coal are given in Table 4 .  The data are weight fractions of dry coal 
measured for each particle type. In Table 5 ,  data are presented for 
comparing ASTM and direct AIA measurements of pyrite and mineral 
matter content. AIA mineral content was obtained by calculating a 
weighted area fraction of pyrite and mineral particles as compared to 
all particles in the cross section. The pyrite estimates of the AIA 
mineral study were taken from Tables 2a-3b, which were normalized to 
the mineral matter content calculated from ASTM ash values. The data 
show reasonable agreement among the measurements, given the prelim- 
inary nature of this study, lending credence to the validity of the 
association results in Table 4 .  Further work is in progress to 
improve the agreement. 

Table 4 )  that are lighter than 1.4 sp. gr. should predict the yield 
for the separation process, that is, 80.41% for the Adaville and 
95.28% f o r  the Dietz coal. Actual recovery data are not available 
for these samples so that direct comparison is not possible. Such 
data will be secured for future tests. Summing the fractions heavier 
than 1.4 specific gravity for the clean coals should estimate the 
amount of minerals misplaced during cleaning. Since less than 1% of 
the Adaville and less than 2% of the Dietz coals fall in this cate- 
gory, these values appear quite consistent with a float-sink separa- 
tion for a nominal 200 mesh particle size. 

The direct association program appears to have correctly class- 
ified the composite mineral particles into specific gravity classes 
for the Adaville coal. Significant material was found for most part- 
icle types in the raw coal, but it was concentrated in the lighter 
classes for the clean coal. 

the same amount of material was analyzed as being lighter than 1.4 
sp.gr. for both the raw and clean coals (95.28% and 98.67%, respec- 
tively). In the raw coal, -2.2% of the dry coal was analyzed as 
”Mineral matteK-KiCh” (2.08%) plus ”(Mineral + Pyrite)-rich” (0.12%). 
That material alone could account for the reduction of mineral matter 
from 6.01% to 4.19%, as shown in Table 1. It appears that this level 

It would appear that for both raw coa1s;the mineral particles 

Summing the weight fractions of the classes of the raw coals (in 

The results for the Dietz coal were quite different. Virtually 
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Tab le  4. P r e l i m i n a r y  A n a l y s i s  of t h e  A s s o c i a t i o n  o f  Mineral  
P a r t i c l e s  w i t h  Coal (Weight Pe rcen t  o f  Dry Coal i n  Each 
P a r t i c l e  Type C l a s s  a s  Assigned by  Gray Leve l )  

~ ~~~ ~ 

P a r t i c l e  Type 

~ ~~~ 

A d a v i l l e  11 Die tz  1 & 2 
raw c l ean  raw c l e a n  

35.06 
80.41 31.49 

13.86 

7.54 
1.5-1.6 s p . g r .  6.47 
1.6-1.7 s p . g r .  0.96 
1.7-1.8 6 p . g ~ .  1 . 4 4  
Mineral  m a t t e r - r i c h  2.98 

(Mine ra l  + P y r i t e ) - r i c h  0.17 

----- I Pure c o a l  
<1.3 s p . g r .  

1.3-1.4 s p . g r .  

1.4-1.5 s p . g r .  
-------------- 

Pyr i  te-r i c h  0.00 

4 1 . 4 2  
53.00 

4.99 

0.23 
0.06 
0.05 
0.03 
0.19 
0.00 
0 . 0 3  

---- 

76.49 
95.28 13.20 { 5.59 ---- 

1.60 
0.37 
0.18 

0.59 0.35 
2.08 
0.00 
0.12 

69.70 

3.49 ---- 

0.55 
0 .00  
0.01 -- - -  

99.97 100.00 99.98 99.98 

Table  5. Comparison of  D i r e c t  A I A  Reasurements of Mineral  Ma t t e r  and 
P y r i t e  Con ten t  w i th  ASTR Values 

Mineral  Matter 
A I A ~  11.37 2.97 4.00 2.43 
AST& 10.41 4.60 6.01 4.19 

P y r i t e  
A I A ~  
A I A ~  
A S T M ~  

0.19 0.03 0.13 0.04 
0.12 0.08 0.35 0.25 
0.06 0.02 0.04 0 .04  

from OASYS a s s o c i a t i o n  a n a l y s e s  
from Table  1, as c a l c u l a t e d  by modif ied P a r r  formula 
from A I A  m i n e r a l  a n a l y s e s  ( T a b l e s  2a-3b) 
c a l c u l a t e d  from ASTM p y r i t i c  s u l f u r  c o n t e n t  i n  Table  1 

of mine ra l  m a t t e r  r e d u c t i o n  could a l s o  have been ach ieved  i f  t h e  
s e p a r a t i o n  had been conducted a t  a h ighe r  s p e c i f i c  g r a v i t y .  

The d i s t r i b u t i o n  o f  mass over t h e  e n t i r e  range of  d e n s i t i e s  is 
noteworthy f o r  t h e  two raw c o a l s .  A s t r o n g  bimodal d i s t r i b u t i o n  
i n d i c a t e s  good l i b e r a t i o n .  I n  t h i s  s e n s e ,  t h e  mine ra l  p a r t i c l e s  i n  
t h e  Die t z  c o a l  a p p e a r  t o  be more l i b e r a t e d  t h a n  t h o s e  of t h e  A d a v i l l e  
c o a l  (76.49% vs .  35.,06% pure  c o a l  p a r t i c l e s ,  r e s p e c t i v e l y ,  i n  Tab le  
4 ) .  Also,  t h e r e  is no s i g n i f i c a n t  "middl ings"  m a t e r i a l  f o r  t h e  raw 
D i e t z  c o a l  ( i . e . ,  i n  t h e  1.4-1.6 d e n s i t y  r a n g e ) .  I t  would appea r  
t h a t  even though more mine ra l  ma t t e r  was removed from t h e  A d a v i l l e  
c o a l ,  i t  must have been a t  a c o s t  o f  lower r ecove ry .  
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CONCLUSIONS 

AIA-SEM was used to obtain a direct insight into the character 
of mineral matter with respect to both mineral phase and particle 
size distribution for two western coals. Significant differences 
were seen in the mineral phases in the raw Adaville and Dietz coals; 
also, major differences were observed in the size distributions. For 
example, minerals in the Adaville sample appeared to be much coarser. 
This technique permitted characterization of low levels of mineral 
matter that resulted from deep cleaning and documented the selective 
removal of mineral matter of certain sizes. Correlation of the mass 
fraction of larger mineral particles and the amount of mineral matter 
removed suggests that only the larger mineral particles were liber- 
ated. 

The AIA-SEM technique was used to measure directly the extent of 
coal mineral association and to produce a particle type distribution 
curve, relatable to specific gravity, for both raw and clean coals. 
The direct measure of mineral matter and pyrite content agreed 
reasonably well with ASTM results. These results indicate that 
minerals in the raw Dietz coal were more liberated from the coal 
matrix than those in the Adaville coal. 
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THE ROLE OF HEAT OF IMMERSION CALORIMETRY AND GAS ADSORPTION I N  
DETERMINING THE SURFACE AREAS OF A THERMALLY 

TREATED LIGNITE AND SUPERCRITICALLY SOLVENT EXTRACTED 
LOW-RANK COAL RESIDUES 

Char les  Tye, Dana J .  Maas, Michael  L. Swanson 

U n i v e r s i t y  o f  Nor th  Dakota 
Energy Research Center  

Box 8213, U n i v e r s i t y  S t a t i o n  
Grand Forks,  NO 58202 

ABSTRACT 

Comparative s u r f a c e  area da ta  can be ob ta ined from t h e  exothermic heat l i b e r a t e d  
when a s o l i d  substance i s  immersed i n  a s u i t a b l e  l i q u i d  penet ran t .  This heat o f  
immersion i s  dependent on t h e  heat  o f  w e t t i n g  p l u s  o t h e r  e f f e c t s .  The apparent 
surface of a sample i s  p r o p o r t i o n a l  t o  t h e  heat o f  w e t t i n g  term. The su r face  areas 
determined by t h i s  method p r o v i d e  an exp lana t ion  of  r e s u l t s  o f  thermal t rea tment  and 
s u p e r c r i t i c a l  sol ven t  e x t r a c t i o n  o f  low- rank  coa l .  

The t h e r m a l l y  t r e a t e d  samples were prepared by d r y i n g  I n d i a n  Head (Nor th  Dakota) 
l i g n i t e  a t  330°C w i t h  ho t  n i t r o g e n  gas a t  atmospher ic pressure o r  w i t h  ho t  water  
under pressure.  L i g n i t e  and subbi tuminous coa l  samples were a l s o  s u p e r c r i t i c a l  l y  
so lvent  ex t rac ted  i n  a semicont inuous e x t r a c t i o n  system a t  temperatures o f  250' t o  
3 8 0 T  and reduced pressures  between 1.05 and 2.00 i n  methanol, benzene, and 
cyclohexane. These samples were then t e s t e d  i n  a s p e c i a l l y  cons t ruc ted  heat o f  
immersion c a l o r i m e t e r .  N i t rogen  Brunauer Emmett and T e l l e r  (BET) gaseous adsorp t ion  
der ived  su r face  areas  were a l s o  compared w i t h  t h e  r e s u l t s  f rom the  ca lo r ime te r .  

INTRODUCTION AND EXPERIMENTAL 

The su r face  a reas  determined i n  t h i s  s tudy  served as a va luab le  t o o l  w i t h  which 
t o  exp la in  t h e  r e s u l t s  ob ta ined  from thermal ,  and s u p e r c r i t i c a l ,  low-rank coa l  
t rea tments .  Two techn iques  were used t o  de termine t h e  su r face  area  o f  coal be fo re  
and a f t e r  processing. Heat o f  immersion c a l o r i m e t r y  was used ex tens i ve l y  t o  o b t a i n  
coal  surface areas and r e s u l t s  were compared t o  those from the  more standard 
gaseous adso rp t i on  method f o r  t h e  t h e r m a l l y  t r e a t e d  samples. 

Determinat ion  o f  Sur face  Area by Heat o f  Immersion 

D i f f e r e n t i a l  h e a t  o f  immersion c a l o r i m e t r y  ( 1 )  i s  a way t o  f i n d  s p e c i f i c  
surface, i n  square meters  per gram, by measurement o f  t he  heat re leased  when t h e  
sur face  i s  wetted by a l i q u i d .  Th i s  f a i r l y  p r e c i s e  measurement i s  an i n d i c a t i o n  o f  
t h e  number o f  mo lecu les  needed t o  coat  t h e  su r faces  of c racks  or  pores. S ince  
smal le r  pores  l i m i t  t h e  a c c e s s i b i l i t y  of mo lecu les  o f  i nc reas ing  s i z e  and 
complex i ty ,  t h e  r a t e  and ex ten t  o f  heat re leased by  t h e  w e t t i n g  process can be used 
as a measure of pore  s i z e  d i s t r i b u t i o n  and hence a su r face  area  de terminat ion .  

The d i f f e r e n t i a l  heat o f  immersion c a l o r i m e t e r  c o n s i s t s  o f  two Dewar f l a s k s ,  
each w i t h  i t s  own s t i r r e r ,  heater ,  and tempera ture  sensor. An equal amount o f  
l i q u i d  i s  pu t  i n t o  each Dewar f l a s k ,  bo th  imbedded i n  a massive aluminum heat s ink ,  
and the  coal  o r  carbon sample i s  added t o  one Dewar only.  Temperature i s  measured 
by a matched p a i r  o f  t h e r m i s t o r s  forming opposing arms o f  a Wheatstone br idge.  The 
heat  l i b e r a t e d  when t h e  s o l i d  sample i s  added t o  the  working Dewar produces a 
cu r ren t  imbalance which i s  recorded d i r e c t l y .  F i g u r e  1 shows a c ross -sec t i ona l  v iew 
of one c a l  o r ime te r .  
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Determinat ion  o f  Sur face  Areas by Gaseous Adsorp t i on  

H i s t o r i c a l l y ,  i t  has been known t h a t  a porous s o l i d  can t a k e  up r e l a t i v e l y  l a r g e  
volumes o f  a condensable gas. F resh ly  c a l c i n a t e d  charcoa l ,  coo led  under mercury,  
has the  p roper t y  o f  adsorb ing  severa l  t imes i t s  own volume o f  v a r i o u s  gases. Th is  
i s  because t h e  molecules i n  t h e  su r face  l a y e r  o f  a s o l i d  a re  bound on one s i d e  t o  
i n n e r  molecules o f  t h e  s o l i d  and hound t o  no th ing  on t h e  su r face  s ide ,  c r e a t i n g  an 
imbalance o f  atomic and m l e c u l a r  bonding fo rces  on t h e  s u r f a c e  s ide .  Therefore.  
surface molecules a t t r a c t  gas, vapor,  o r  l i q u i d  mo lecu les  i n  o r d e r  t o  s a t i s f y  these 
unbalanced, bonding forces. The a t t r a c t i o n  may be e i t h e r  p h y s i c a l  o r  chemica l ,  
depending on t h e  system i n v o l v e d  and the  tempera ture  employed. 

Physical  adso rp t i on  (Van d e r  Waal's adso rp t i on )  i s  t h e  r e s u l t  o f  a r e l a t i v e l y  
weak i n t e r a c t i o n  between a s o l i d  and a gas. Th is  t y p e  o f  adso rp t i on  has one p r imary  
c h a r a c t e r i s t i c .  E s s e n t i a l l y  a l l  o f  a gas adsorbed can be removed by evacuat ion  a t  
t h e  same tempera ture  a t  which i t  was adsorbed, b u t  t h e  q u a n t i t y  o f  p h y s i c a l l y  
adsorbed gas a t  a g i ven  pressure  inc reases  w i t h  decreas ing  tempera ture .  
Consequently, adso rp t i on  measurements f o r  t h e  purpose of de te rm in ing  su r face  area  o f  
pore s i z e  d i s t r i b u t i o n s  a r e  made a t  a l ow  temperature.  

The phys i ca l  adso rp t i on  o f  a gas on a smooth su r face  w i l l  con t i nue  as t he  gas 
pressure i s  inc reased a t  a cons tan t  tempera ture  u n t i l  a condensed l a y e r ,  5 o r  6 
molecules t h i c k ,  i s  formed. I f t h e  sur face  con ta ins  cracks,  c rev i ces ,  o r  pores,  t h e  
adsorbed l a y e r  w i l l  f i l l  these as i t s  t h i ckness  inc reases .  The sma l le r  pores w i l l  
be engu l fed  f i r s t  and, p rog ress i ve l y ,  t h e  l a r g e r  ones w i l l  f i l l .  F i l l i n g  occurs  
because a concave l i q u i d  su r face  has a lower vapor p ressure  than  a f l a t  sur face .  
When a po re  f i l l s ,  i t s  su r face  area  becomes a n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  
measured su r face  area. Conversely,  t he  pore s u r f a c e  c o n t r i b u t i o n  again comes i n t o  
p l a y  as adsorbed gas l aye rs  a re  removed (desorbed) and pore  w a l l s  a r e  re-exposed. 

Cont inu ing  the  adsorp t ion  by inc rementa l  s teps  as descr ibed e a r l i e r  t o ,  o r  
n e a r l y  to ,  t he  s a t u r a t i o n  p o i n t  y i e l d s  a conp le te  adso rp t i on  isotherm. Revers ing  
the  procedure by s u b j e c t i n g  t h e  sample t o  s tepwise  reduc t i ons  i n  pressure  r h i l e  
con t inu ing  t o  reco rd  volumes and e q u i l i b r i u m  pressures  pe rm i t s  o b t a i n i n g  t h e  
deso rp t i on  isotherm. Adsorp t ion  and deso rp t i on  iso therms c o i n c i d e  p r e c i s e l y  o n l y  
when t h e  s o l i d  i s  c a n p l e t e l y  nonporous and t h e r e  a re  no con tac t  p o i n t s  among 
p a r t i c l e s  c r e a t i n g  t h e  e f f e c t  o f  pores. 

Thermal Treatments o f  Coal 

Raw l i g n i t e  f r a n  t h e  I n d i a n  Head Mine i n  N o r t h  Dakota was t h e r m a l l y  dewatered 
us ing  ho t  n i t r o g e n  a t  atmospher ic pressure and ho t  water under p ressure  t o  
i n v e s t i g a t e  the  amenab i l i t y  of f ue l  s l u r r y  p r e p a r a t i o n  o f  t h e  d r i e d  produc t  (2, 
3). Products d r i e d  a t  330°C and 34OOC were used i n  t h e  present  study. Resu l ts  o f  
t h e  prox imate  and u l t i m a t e  analyses of t h e  raw coa l  and the  t h e r m a l l y  dewatered 
samples a re  given i n  Table 1. 

The ho t -gas-dr ied  sample was prepared by t r e a t i n g  t h e  I n d i a n  Head l i g n i t e ,  s i z e d  
t o  7m x l h m .  a t  33OOC under a n i t r o g e n  atmosphere, and was conducted u s i n g  a 
l abo ra to ry -sca le  f ixed-bed coa l  d r y e r  a t  a tmospher ic  pressure.  T h i s  d r y i n g  
apparatus cons is ted  o f  a 3.8 cm IO by 152 on l ong  v e r t i c a l  d r y i n g  chamber t h a t  was 
jacke ted  f o r  r a p i d  heat-up and cooldown us ing  steam and c o l d  water ,  r e s p e c t i v e l y .  
Exper imental  d e t a i l s  have been pub l i shed  elsewhere (2).  

The o b j e c t i v e  of  t h e  ho t -wa te r  d r y i n g  process, (HWO) a s  w i th  t h e  hot-gas d r y i n g  
process, i s  t o  i nc rease  the  energy dens i t y  of low-rank coa l /wa te r  s l u r r i e s  by 
changing t h e  chemical and phys i ca l  su r face  c h a r a c t e r i s t i c s  o f  t h e  coa l ,  a l l o w i n g  
s i g n i f i c a n t l y  h ighe r  s o l i d s  con ten t  i n  a water s l u r r y .  Sur face  a rea  measurements o f  
t h e  paw and t r e a t e d  coa ls  a re  impor tan t ,  s ince  a decreased coa l  s u r f a c e  means l e s s  
water i s  r e q u i r e d  t o  wet t h e  coa l  d u r i n g  s l u r r y  p repara t i on .  
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TARLE 1 

PERTINENT TEST DATA AND ANALYSIS OF RAW AND 
THERMALLY DEWATERED INDIAN HEAD LIGNITE 

Treatment 

Drying Temperature "C, 
Drying Pressure, p s i a  

Drying Apparatus 

E q u i l i b r i u m  M o i s t u r e  Content, W t  % 

Proximate Ana lys is ,  w t  'x 

Ash 
V o l a t i l e  mat te r  
F ixed Carhon (hy  d i f f . )  

m o i s t u r e  ash f r e e  (maf) 

Carbon 
Hydrogen 
N i t rogen 
S u l f u r  
Oxygen ( b y  d i f f )  

moisture f r e e  (mf)  bas is  

U l t i m a t e  Ana lys is ,  w t  % 

Heating Valiie, maf b a s i s  

MJIkg 
B t u l l  b 

Raw 

--- 
--- 

35.0 

14.5 
47.5 
38.0 

72.1 
4.9 
1.5 
1.5 

2o.n 

28.7 
12,350 

Hot 
Ni t rogen 

3% 
4 

1.0 l i t e s  
F ixed 

Sed 

27.3 

13.0 
39.7 
47.3 

74.1 
4.9 
1.4 
1.4 

18.2 

29.1 
12,500 

Hot 
Water - 

341) 
2400 

2.2 mtfday 
P i l o t  
P lant  

16.2 

22.02 
34.6 
43.4 

75.2 
4.5 
1.4 
1.6 

17.11 

29.6 
12,700 

Feed coal  f o r  t h e  p i l o t - p l a n t  t e s t  was a h i g h  ash I n d i a n  Head l i g n i t e .  
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Process development u n i t  (PDU) runs,  us ing  t h e  HWD p r i n c i p l e ,  were t y p i c a l l y  120 
hours i n  d u r a t i o n  i n c l u d i n g  s t a r t - u p  and shutdown; t h r e e  tons o f  c o a l  were u s u a l l y  
processed. A schematic o f  t h e  POU i s  shown i n  F i g u r e  2. The feed t o  t h e  PDU was a 
s l u r r y  c o n t a i n i n g  a 50/5D m ix tu re ,  by we igh t ,  o f  de ion i zed  water and p u l v e r i z e d  c o a l  
(80% l e s s  than  75 mic rons) .  The produc ts ,  a f t e r  t rea tment  f o r  5 m inu tes  a t  
temperatures between 270" t o  340'C and cor respond ing  pressures between 800 and 2400 
Ps ig ,  were concent ra ted  and formulated i n t o  f u e l  s l u r r i e s  c o n t a i n i n g  between 55 and 
65  w t %  coal  s o l i d s  on a d r y  basis.  The sample used i n  t h i s  s tudy  was t r e a t e d  a t  
33OOC. A more d e t a i l e d  d e s c r i p t i o n  of t h e  POU o p e r a t i o n  has been pub l i shed  
elsewhere (4).  

S u p e r c r i t i c a l  So lven t  E x t r a c t i o n s  

S u p e r c r i t i c a l  so l ven t  e x t r a c t i o n s  were performed us ing  a semicont inuous  
e x t r a c t i o n  system i n  which t h e  HPLC grade so lvent ,  i .e.  methanol, benzene, 
cyclohexane, etc., was passed through a f i x e d  bed o f  coa l  w h i l e  under s u p e r c r i t i c a l  
cond i t i ons .  The coa ls  ex t rac ted  i n  these exper iments were I n d i a n  Head l i g n i t e  and 
Wyodak subbi tuminous coa l  (Campbell Co., WY) which had been s i zed  between -60 and 
+325 mesh. Proximate and u l t i m a t e  analyses f o r  these coa ls  a re  g iven i n  Tab le  2. 
The f lowsheet  f o r  t h i s  t e s t  system i s  shown i n  F i g u r e  3. The f i x e d  bed o f  coa l  was 
conta ined i n  a 25.4 un by  1.75 cm I D  s e c t i o n  o f  h igh-pressure  t u b i n g  which h e l d  
approx imate ly  50 gm o f  coa l  between two one-micron s i n t e r e d  metal  f r i t s .  
S u p e r c r i t i c a l  c o n d i t i o n s  were achieved i n  approx imate ly  seven minutes by immersing 
t h e  so l ven t  p reheat ing  c o i l s  and t h e  f i x e d  bed of coa l  i n  a preheated f l u i d i z e d  sand 
ba th  i n  a such manner t h a t  no so lvent  f l o w  th rough t h e  bed o f  coa l  occu r red  d u r i n g  
s ta r t -up .  A Ruska p o s i t i v e  displacement pump and h igh-pressure  p i s t o n  accumula tor  
were used t o  p rov ide  a pu l se less  f l ow  o f  so l ven t  th rough the  system once 
S u p e r c r i t i c a l  c o n d i t i o n s  were obtained. An e x t r a c t i o n  t ime  o f  two hours  and a 
so lvent  f l ow  r a t e  o f  120 c c / h r  were t y p i c a l l y  used i n  these exper iments.  The 
pressure  o f  t h e  s u p e r c r i t i c a l  so l ven t  and t h e  e x t r a c t e d  m a t e r i a l  was reduced t o  
atmospher ic pressure a f t e r  passing th rough  a back pressure r e g u l a t o r  where t h e  
e x t r a c t  and so l ven t  were c o l l e c t e d  i n  a c h i l l e d  sample vessel .  The volume o f  
noncondensible product gas was measured and c o l l e c t e d  f o r  a n a l y s i s  by gas 

TABLE 2 

PROXIMATE AND ULTINATE ANALYSES OF COALS USED I N  
SUPERCRITICAL SOLVENT EXTRACTION EXPERIMENTS 

Sample Name and L o c a t i o n  
I n d i a n  Head Wyodak 
Mercer Co., Campbel 1 Co., 

ND WY 

Proximate Ana lys is ,  MF, ( w t % )  

V o l a t i l e  Ma t te r  
F i x e d  Carbon 
Ash 

U l t i m a t e  Ana lys is ,  MF, (wt%) 

Hydrogen 
Carbon 
N i t rogen  
s u l f u r  
Oxygen ( I n d )  
Ash 

43.8 
48.0 

8.2 

4.74 
66.20 

0.96 
0.72 

19.19 
8.2 

43.5 
50.0 

6.5 

4.26 
64.62 

1.01 
0.58 

23.04 
6.5 

/ 
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chromatography. A f t e r  each exper iment,  t h e  e x t r a c t e d  res idue  and t h e  so l ven t  
e x t r a c t  m i x t u r e  were r o t a r y  vacuum d i s t i l l e d  a t  0.6 p s i a  and 8OoC and weighed. Th is  
p rocedure  a l l owed  s o l v e n t  and mo is tu re - f ree  p roduc ts  t o  be ob ta ined f o r  m a t e r i a l  
balance purposes. 

Table 3 summarizes t h e  opera t i ng  cond i t i ons  and r e s u l t s  from supercr i  t i c a l  
so l ven t  e x t r a c t i o n  exper iments performed on I n d i a n  Head l i g n i t e  and Wyodak 
subbi tuminous coa l  u s i n g  t h r e e  so l ven ts :  methanol ,  benzene, and cyclohexane. The 
r e s u l t s  i n d i c a t e  t h a t  t h e  we igh t  l oss  of t h e  o r i g i n a l  coa l  (and t h e  cor respond ing  
e x t r a c t  y i e l d )  i nc reased  w i t h  inc reas ing  pressure .  T h i s  would be expecked due t o  
t h e  r a p i d l y  i n c r e a s i n g  s o l v e n t  d e n s i t y  exper ienced by so l ven ts  i n  t h e  s u p e r c r i t i c a l  
region. However, t h e  i n c r e a s i n g  we igh t  l o s s  o f  t h e  coa l  observed w i t h  i nc reas ing  
tempera ture  r e s u l t e d  i n  s p i t e  o f  a decreas ing  s o l v e n t  dens i t y .  Th i s  i n d i c a t e s  t h a t  
tempera ture  has a l a r g e r  e f f e c t  on convers ions  than  on s o l v e n t  dens i t i es ,  
p a r t i c u l a r l y  a t  tempera tures  between 300" t o  350°C. Thus, i n  t h i s  temperature 
range, thermal  decanpos i t i on  o f  t he  coa l  becomes s i g n i f i c a n t ,  r e s u l t i n g  i n  the  
l i b e r a t i o n  o f  s m a l l e r  and more s o l u b l e  f r a c t i o n s  f rom t h e  coa l .  

RESULTS AND DISCUSSION 

Thermal ly  T r e a t e d  Samples 

Table 4 shows t h e  r e s u l t s  o f  t h e  sur face  area  de terminat ions  by heat  o f  
immersion c a l o r i m e t r y  f o r  raw I n d i a n  Head l i g n i t e  and t h e  two t h e r m a l l y  t r e a t e d  
samples. 

TABLE 4 

Surfa e Area 5 Heat o f  Immersion 
Sample ( c a l  /gm 1 (m /gm) 

As-mined Coal 
340°C Ho t -wa te r -d r i ed  Coala 
33OOC Ho t -n i  t r o g e n - d r i e d  Coal 
340°C Ho t -wa te r -d r i ed  ( f r e e z e  d r i e d )  

14.3 
9.2 

24.5 
16.0 

153 
98 

26 3 
17 1 

a The HWD coa l  was separa ted  from s l u r r y  by f i l t r a t i o n ;  t h e  f i l t e r  cake was then  
a i r  d r i e d  t o  remove su r face  mois tu re .  

The su r face  a rea  f o r  t h e  raw l i g n i t e  sample was determined t o  be 153 sq. 
meters/gram. A s i m i l a r  de te rm ina t ion  on t h e  340°C HWD I n d i a n  Head coa l  showed a 
sur face  area  o f  98  sq. meters/gram. The h o t - n i t r o g e n - d r i e d  (HND) sample 
( e v a p o r a t i v e l y  d r i e d )  showed a sur face  area  va lue  o f  263 sq. meters/gram. 

Evapora t i ve l y  d r y i n g  t h e  coa l  w i t h  n i t r o g e n  a t  33OoC, b u t  a t  atmospher ic 
pressure,  i nc reased  t h e  apparent su r face  area o f  t h e  coa l .  Th i s  inc rease was 
probab ly  due t o  t h e  v o l a t i l i z a t i o n  and removal o f  coa l  t a r s  and waxes which 
o therw ise  may have been f i l l i n g  o r  s e a l i n g  some o f  t h e  coa l  micropores.  Th is  
exp lana t ion  i s  i n  accordance w i t h  observa t ions  made d u r i n g  t h e  d r y i n g  experiments. 
Accumulat ions o f  waxes and t a r s  were apparent i n  t h e  o u t l e t  p i p i n g  o f  t h e  f ixed-bed 
coa l  d rye r ,  and i n  t h e  condensate recovered when t h e  h o t - n i t r o g e n  was quenched (5 ) .  
Therefore,  d r y i n g  low- rank  coa l  w i t h  33OOC n i t r o g e n  inc reased  t h e  coa l  su r face  areas 
because t a r s  were e x t r a c t e d  w i t h  the  hot-gas stream. Vacuum f reeze  d r y i n g  and a i r  
d r y i n g  were bo th  used f o r  sample p repara t i on  on t h e  HWD coa l .  
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TABLE 3 

OPERATING CONDITIONS AND RESULTS FRaM SUPERCRITICAL EXTRACTION EXPERIMENTS 
ON INDIAN HEAD AN0 WYODAK COALS USING SELECTED SOLVENTS 

Temp. 
- Coal ("c) 

Sol vent: Methanol 

I n d i a n  Head 250 
I nd ian  Head 250 
I n d i a n  Head 250 
Ind ian  Head 300 
I n d i a n  Head 350 

Sol vent:  Cyclohexane 

I n d i a n  Head 291 
Ind ian  Head 291 
Ind ian  Head 291 
Ind ian  Head 307 

So lvent :  Renzene 

Wyoda k 300 
Wyodak 300 
Wyodak 350 
Wyodak 350 

Tra  - 

1.021 
1.021 
1.021 
1.118 
1.216 

1.070 
1.020 
1.OM 
1.048 

1.020 

1.m 
1.020 

1.109 

Calc.  
So lven t  Pct.  

Pressure Dens i tg  Conv Pc t  Y i e l d ,  mf 
( p s i a )  &' (g/m l )  (maf jd  E x t r a c t  Gas 

1760 1.50 0.368 4.17 3.05 1.36 
2350 2.00 0.412 5.49 3.80 1.66 
2935 2.50 0.434 6.13 4.43 2.23 
2350 2.00 0.224 9.55 4.74 6.91 
2350 2.00 0.144 23.30 12.43 22.04 

885 1.511 0.471 6.7 2.14 4.7 
1180 2.00 0.465 9.1 2.50 4.6 
1480 2.50 0.489 9.1 2.68 4.9 
1180 2.00 0.425 10.8 2.64 4.6 

745 1.05 0.185 10.8 4.62 2.0 
1420 2.00 0.511 11.1 7.57 1.8 

1420 2.00 0.345 17.2 10.8 4.4 
745 1.05 0.112 15.9 6.31 4.0 

___~ ~ 

'Tr = ope ra t i ng  ;~~fizir-t~p;;iz;; ;-of-solvenf-~~;! temperature of so l ven t  ; 

bp = oe~r94lns_er_ess"rE_Of_lo!rn?4 I P Z l a )  
c r i t i c a l  p ressure  o f  so l ven t  TpsiaJ- 

'Calculated us ing  Lee-Kesler g e n e r a l i z a t i o n  o f  t h e  Benedict-Webb-Rubi n Equat ion  o f  

r 

s ta te .  
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The process o f  vacuum f reeze  d r y i n g  was found t o  inc rease t h e  su r face  area o f  
t h e  HWD c o a l ;  and i n  f a c t ,  t h e  su r face  area  de termined was found t o  be i n  excess o f  
t h a t  determined f o r  t h e  raw coal  (171 s q  meters/gram versus 153 s q  meters/gram). 
Th is  l a s t  r e s u l t  i n d i c a t e s  t h a t  t h e  t a r s  and waxes evolved du r ing  ho t -water  c o a l  
d r y i n g  m i g r a t e  o u t  o f  t he  pores t o  t h e  coa l  su r face  where they  p lug  o r  cap mic ropore  
entrances when c o o l e d  and r e s o l i d i f i e d .  Freeze d r y i n g  t h e  HWD coa l  i n  a vacuum, as  
compared t o  a i r  dy r ing ,  removes a t  l e a s t  some o f  these t a r s  and exposes the  pore 
entrances. This i s  be l i eved  t o  occur  because the  gases and water t rapped i n  t h e  
pores expand and push t a r  away from the  pore en t rance when t h e  sample i s  pu t  i n  a 
vacuum. The volume o f  t h e  newly exposed pores i nc ludes  the  added volume vacated 
when the  t a r s  m i g r a t e d  t o  t h e  sur face  o f  t he  coa l .  Add i t i ona l  pore volume i s  a l so  
c rea ted  when ca rboxy l  groups i n  the  coa l  m a t r i x  decompose and l i b e r a t e  carbon 
d iox ide .  

Measurements of  t h e  coa l  su r face  area b e f o r e  and a f t e r  ho t -water  d r y i n g  a t  340°C 
have shown t h a t  t h e  s u r f a c e  area  i s  decreased by  50% due t o  the  hydrothermal 
t rea tment  and t h e  subsequent capping of pores. The d i scove ry  t h a t  pore capping by 
t h e  exuded coa l  t a r s  was o c c u r r i n g  he lped t o  e x p l a i n  t h e  mechanism of inc reased 
energy d e n s i t y  a f t e r  ho t -wa te r  d r y i n g  of low-rank coa l .  U n t i l  t h i s  d iscovery ,  pore 
co l l apse  was b e l i e v e d  t o  produce the  decreased su r face  area i n  the  t r e a t e d  coa l  
p a r t i c l e s .  

S u p e r c r i t i c a l l y  So lven t  Ex t rac ted  Samples 

S u p e r c r i t i c a l l y  s o l v e n t  e x t r a c t i n g  I n d i a n  Head l i g n i t e  w i t h  methanol produced 
two major r e s u l t s .  F i r s t ,  i n c r e a s i n g  t h e  e x t r a c t i o n  pressure wh i l e  keeping t h e  
tempera ture  cons tan t ,  inc reases  t h e  su r face  area  o f  t he  s u p e r c r i t i c a l  l y  ex t rac ted  
l i g n i t e  res idues .  Secondly, an i nc rease  i n  t h e  e x t r a c t i o n  temperature,  wh i l e  
keeping t h e  p ressu re  cons tan t ,  decreases t h e  su r face  area. The da ta  l i s t e d  i n  Table 
5 shows t h e  e f f e c t  o f  changing t h e  methanol e x t r a c t i o n  pressure wh i l e  keeping t h e  
tempera ture  cons tan t .  The e f f e c t  o f  changes i n  t h e  methanol e x t r a c t i o n  temperature 
a t  a cons tan t  p ressure  a re  shown by the  da ta  l i s t e d  i n  Table 6. 

TABLE 5 

EXTRACTION OF INDIAN HEAD LIGNITE WITH METHANOL 

E x t r a c t i o n  Parameters Sur face  Area By 
Temperature,  C” P ressure ,  p s i g  Heat o f  Immersion, m2/gm 

. 

250 
250 
250 

1761 
2348 
2935 

105.6 
120.7 
138.4 

TABLE 6 

EXTRACTION OF I N D I A N  HEAD LIGNITE WITH METHANOL 

E x t r a c t i o n  Parameters Sur face  Area by 
Pressure,  p s i 1  Temperature, O C  Heat o f  Immersion, rn2/gm 

250 2348 
300 2348 
3 50 2348 

120.7 
110;5 

97.5 
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As presented  i n  Table 7, t h e  use o f  cyclohexane t o  e x t r a c t  I n d i a n  Head l i g n i t e  
a t  cons tan t  tempera ture  and i n c r e a s i n g  e x t r a c t i o n  pressure inc reased t h e  measured 
sur face  area. The da ta  i n  Tab le  8 show t h a t  changes i n  the  su r face  area  of a 
subbi tuminous c o a l ,  a f t e r  e x t r a c t i o n  wi th benzene, were s i m i l a r  t o  those  e x h i b i t e d  
by  l i g n i t e .  As e x t r a c t  p ressure  i s  inc reased a t  a cons tan t  temperature,  t h e  su r face  
area  inc reased and as e x t r a c t  tempera ture  was increased a t  cons tan t  p ressures  t h e  
measured su r face  area  decreased. 

TABLE 7 

EXTRACTION OF I N D I A N  HEAD LIGNITE WITH CYCLOHEXANE 

2 
E x t r a c t  i on  Parameters Sur face  Area By 

Temperature OC Pressure, p s i g  Heat o f  Immersion, m /gm 

291 887 

291 1182 

291 1478 

307 1182 

86.1 

97.7 

118.9 

97.2 

TABLE a 

EXTRACTION OF WYOOAK SUBBITUMINOUS COAL WITH BENZENE 

E x t r a c t  i o n  Parameters Sur face  Area by  
Pressure ,  p s i g  T emperature, 'C Heat o f  Immersion, m2/gm 

300 746 

300 1420 

350 746 

350 1420 

109.9 

129.4 

95.7 

111.8 

F i n a l l y ,  a canpar ison  o f  t he  heat  o f  immersion c a l o r i m e t r y  r e s u l t s  was made w i t h  
t h e  gas adsorp t ion  r e s u l t s .  The sur face  areas  (BET) f o r  I n d i a n  Head l i g n i t e  
e x t r a c t e d  i n  methanol a re  l i s t e d  i n  Tab le  9. The BET su r face  areas ob ta ined  by 
n i t r o g e n  gas adsorp t ion  c o r r e l a t e  w i t h  the  heat of immersion c a l o r i m e t r y - d e r i v e d  
sur face  areas, b u t  a re  two orders  o f  magnitude lower  i n  value. The h i g h e r  measured 
coa l  sur face  areas determined by heat o f  w e t t i n g  o f  methanol compared t o  va lues  
ob ta ined by the  BET method i s  a common phenomenon (8). 
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TABLE 9 

COMPARISON BETWEEN NITROGEN GAS ADSORPTION: BRUNAER, EMETT 
AND TELLER (BET) AND HEAT OF IMMERSION D E R I V E D  SURFACE AREAS 

EXTRACTION OF INDIAN HEAD LIGNITE WITH METHANOL 

E x t r a c t  i o n  Parameters Sur face  Area 
Temperature,  "C P ressu re ,  p s i p  (BET), m2/gm Heat of Immersion, m2/gm 

250 

250 

250 

300 

350 

1761 

2348 

2935 

2348 

2348 

1.36 105.6 

1.56 120.7 

2.07 138.4 

1.47 110.5 

1.12 97.5 

SUMMARY AND CONCLUSIONS 

Sur face  area de te rm ina t ions  o f  s u p e r c r i t i c a l  res idues  i n d i c a t e  t h a t  i n c r e a s i n g  
e x t r a c t i o n  pressure  i nc reases  t h e  su r face  area o f  t h e  e x t r a c t e d  residues. For a 
s o l v e n t  under s u p e r c r i t i c a l  cond i t i ons ,  so l ven t  d e n s i t y  inc reases  r a p i d l y  w i t h  
i n c r e a s i n g  pressure,  t h u s  t h e  s o l u b i l i t y  o f  l a r g e r  mo lecu la r  species can be g r e a t l y  
enhanced w i t h  i n c r e a s i n g  pressure.  The inc rease  i n  su r face  area which occurs  w i t h  
p ressure  i s  p robab ly  due t o  the  a b i l i t y  of t he  s u p e r c r i t i c a l  so lvents  t o  e x t r a c t  
s i g n i f i c a n t l y  l a r g e r  mo lecu les  f rom the  coa l ,  open ing  more o f  t he  mic ropores  t o  
access by t h e  penet ran t .  Conversely,  a decrease i n  the  res idue  su r face  area  was 
observed w i t h  i n c r e a s i n g  e x t r a c t i o n  temperatures.  I nc reas ing  methanol e x t r a c t i o n  
tempera tures  has been shown t o  a l t e r  t h e  su r face  f u n c t i o n a l  groups l e f t  i n  t h e  
res idue  (6,7). Thus, some o f  t h i s  decreas ing  su r face  a rea  cou ld  be due t o  t h e  
decrease i n  f u n c t i o n a l  groups w i th  which t h e  penet ran t  can hydrogen bond. However, 
t h e  n i t r o g e n  a d s o r p t i o n  su r face  area  de te rm ina t ions  (wh ich  a re  una f fec ted  by 
sur face-penet ran t  i n t e r a c t i o n s )  a l s o  decreased w i t h  i n c r e a s i n g  tempera ture ,  
i n d i c a t i n g  t h a t  t hese  i n t e r a c t i o n s  a re  a smal l  p a r t  of t he  measured heat  o f  
immersion. The decreased sur face  area  i s  p robab ly  due t o  t h e  e x t r a c t i o n  
temperatures approaching t h e  tempera ture  where t h e  coa l  t a r s  become p l a s t i c  and 
p a r t i  a1 l y  o b s t r u c t  some of t h e  micropores o f  t h e  coa l .  
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_-_-- SMALL ----- ANGLE --_-_ X - R A Y  SCATTERING -___ FROM BROWN ____ C0P.L 

W .  REICH. I . K .  SNOOK A N D  H.K. WAGEHFELD 

D e p a r t m e n t  o f  A p p l i e d  P h y s i c s  
R o y a l  M e l b o u r n e  I n s t i t u t e  o f  T e c h n o l o g y ,  

124  L a t r o b e  S t r e e t ,  M e l b o u r n e .  V i c t o r i a ,  3DOC, A u s t r a l i a  

S m s l l  a n g l e  X - r a y  s c a t t e r i n g  has been  w i d e l y  u s e d  i n  t h e  p a s t  t o  
s t u d y  t h e  s t r u c t u r e  o f  p o r o u s  m a t e r i a l s .  The i n t e r p r e t a t i o n  o f  t h e  
s c a t t e r i n g  d a t a  has been  u s u a l l y  been  i n  t e r n s  o f  m o d e l s  based  upon 
d i s c r e t e  p o r e s  ( 1 ) .  As i t  i s  n o w  r e c o g n i z e d ,  s u c h  m o d e l s  a r e  
i n a d e q u a t e  t o  d e s c r i b e  a comp lex  s y s t e m  s u c h  a s  c o a l  and i n  t h i s  
p a p e r  we p r o p o s e  t o  i n t e r p r e t  t h e  X - r a y  s c a t t e r i n g  f r o m  b rown  c o a l  i n  
t e r m s  o f  f r a c t a l  c o n c e p t s .  

The use  o f  f r a c t a l s  t o  d e s c r i b e  n a t u r a l l y  o c c u r r i n g  g e o m e t r i c  f o r m s  
( 2 )  has  l e d  t o  t h e  r e c e n t  i n t r o d u c t i o n  o f  f r a c t s l  t h e o r y  t o  d e s c r i b e  
t h e  s c a t t e r i n g  f r o m  pc j rous s u b s t a n c e s .  A f r a c t a l  i n t e r f a c e  d i s p l e y s  
s e l f - s i m i l a r i t y  a t  d i f f e r e n t  s c a l e s .  E l e c t r o n  m i c r o g r a p h s  a t  
d i f f e r e n t  m a g n i f i c a t i o n s  s h o w  t h a t  b r o w n  c o a l  a p p e a r s  t o  b e  
p r e d o m i n a n t l y  f r a c t a l  i n  s t r u c t u r e  ( t h e  e x c e p t i o n s  b e i n g  t h e  
o c c a s i o n a l  l a r g e  f o s s i l i z e d  s k e l e t a l  remnan t ) .  As p a r a m e t e r s  s u c h  a s  
t h e  s u r f a c e  a r e a  a r e  n o t  u n i q u e l y  d e f i n e d  f o r  a f r a c t a l  i n t e r f a c e  i t  
i s  n e c e s s a r y  t o  use more r e l e v a n t  p a r a m e t e r s  s u c h  as t h e  f r a c t a l  o r  
H a u s d o r f f  d i m e n s i o n  t o  c h a r a c t e r i z e  a f r a c t a l  i n t e r f a c e .  T h e  
H a u s d o r f f  d i m e n s i o n  i s  a measure  o f  t h e  i r r e g u l a r i t y  o f  t h e  i n t e r f a c e  
a n d  v a r i e s  b e t w e e n  2 f o r  a s m o o t h  i n t e r f a c e  t o  3 f o r  a r o u c j h  
c o n v o l u t e d  i n t e r f a c e .  V a r i o u s  s c a t t e r i n g  s t u d i e s  o f  c o a l  and  o t h e r  
p o r o u s  m a t e r i a l s  e x h i b i t  a power l a w  dependence  upon  a n g l e  and  t h i s  
has  b e e n  i n t e r p r e t e d  a s  b e i n g  a r e s u l t  o f  t h e  m a t e r i a l ' s  f r a c t a l  
p r o p e r t i e s .  T h e  f r a c t a l  d i m e n s i o n  can b e  c a l c u l a t e d  d i r e c t l y  f r o m  
t h e  power  l a w  dependence  and t h e  e x t e n t  o f  t h e  i n t e r f a c e  can  be 
d e t e r m i n e d  f r o m  t h e  i n t e n s i t y  o f  t h e  s c a t t e r i n g .  

F i g u r e s  1 and 2 show t h e  s c a t t e r i n g  c u r v e s  f o r  s o l a r  d r i e d  b r o w n  c o a l  
s l u r r i e s  w h i c h  have  u n d e r g o n e  t w o  d i f f e r e n t  samp le  p r e p a r a t i o n  
p r o c e d u r e s .  The l m m  t h i c k  samp les  h a v e  been embedded i n  p l s s t i c  ana 
p o l i s h e d  u n t i l  t h e  c o a l  s u r f a c e  has been exposed.  From t h e  b e s t  f i t  
t o  t h e  s c a t t e r i n g  d a t a  i n  t h e  a n g u l a r  r a n g e  0.4 t o  6 mrad  we have 
d e r i v e d  v a l u e s  f o r  t h e  H a u s d o r f f  d i m e n s i o n  o f  2.35 and 2.44. T h i s  i s  
somewhat l o w e r  t h a n  t h e  v a l u e  o f  2.56 r e p o r t e d  f o r  N o r t h  A m e r i c a  
l i g n i t e  ( 3 )  and s u g g e s t s  tha; t h e  s t r u c t u r e  o f  V i c t o r i a n  b r o w n  c o a l  
i s  l e s s  c o n v o l u t e d  and more  g r a p h i t i c "  t h a n  N o r t h  A m e r i c a n  l i g n i t e .  
I t  was a l s o  f o u n d  t h a t  t h e  i n t e n s i t y  o f  s c a t t e r i n g  f o r  t w o  samp les  o f  
compac ted  s o l a r  d r i e d  s l u r r i e s  d i f f e r e d  by  a f a c t o r  o f  1 0  p r o c e d u r e s .  
T h i s  s u g g e s t s  t h a t  t h e  e x t e n t  o f  t h e  i n t e r f a c e  d i f f e r s  b y  
a p . p r o x i m a t e l y  1 0  e v e n  t h o u g h  t h e  H a u s d o r f f  d i m e n s i o n a l i t y  d e r i v e d  
f r o m  t h e  s c a t t e r i n g  c u r v e s  f o r  t h e  t w o  samp les  a r e  n o t  m a r k e d l y  
d i f f e r e n t .  

The c o r r e l a t i o n  o f  t h e  measured  H a u s d o r f f  d i m e n s i o n s  w i t h  p h y s i c a l  
p r o p e r t i e s  o f  c o a l  w i l l  be an i n t e r e s t i n g  avenue f o r  e x p l o r a t i o n  i n  
t h e  f u t u r e .  
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INTRODUCTION 
To b e t t e r  understand the c o a l i f i c a t i o n  process, we have conducted numerous 

s tudies  ( 1 - 4 )  of t h e  chemical s t ruc tu ra l  composition of xylem t i s s u e  from 
gymnosperm wood and r e l a t ed  woods t h a t  has been coa l i f i ed  t o  vary in  degrees. 
These previous s tud ie s  have r e l i ed  primarily on use of so l id - s t a t e  p3C nuclear 
magnetic resonance methods t o  obta in  average chemical s t r u c t u r a l  information as 
wood is buried i n  pea t  and then transformed t o  coal.  
xylem t i s s u e  from modem wood buried i n  peat. x y l i t e  brown coal. l i g n i t i c  wood, 
subbituminous coa l i f i ed  logs, and from severa l  logs  of high v o l a t i l e  bituminous 
coal rank. 

the  chemical nature of buried and coa l i f i ed  xylem t i s sue  a t  t he  molecular 
leve l .  To achieve t h i s ,  w e  employed pyro lys i s /gas  chromatography (py/gc) and 
pyrolysis/gas chromotography/mass spectrometry (py/gc/ma) . Pyrolysis 
techniques have been used t o  examine peat,  coa l ,  coa l i f i ed  wood, and r e l a t ed  
substances (5-7). However. t he  technique has not been previously applied t o  a 
systematic and h is to logica l ly- re la ted  s e r i e s  of coa l i f i ed  woods. 
pa r t i cu la r ly  useful t o  com are the  r e s u l t s  from pyro ly t ic  s tud ie s  with t h e  data 
obtained from so l id-s ta te  p 3 C  NMR ( 1 - 4 . 8 ) .  

The samples included 

The s tud ie s  presented here. a cont inua t ion  of t h e  above s tudies .  examine 

It i s  

Approximately 0 . 2  mg of dry, powdered sample of modem buried wood and 
coa l i f i ed  xylem t i s sue ,  whose na ture  and rank were described i n  earlier repor t s  
( 2 - 4 ) .  were weighed i n t o  a quar tz  cap i l l a rg  tube  and placed i n  the  c o i l  of a 
Chemical Data Systems Model 120 Pyroprobe.* 
inser ted  i n t o  the  i n j e c t i o n  por t  of e i t h e r  a Perkin-Elmer Sigma 3B or a Varian 
2700 gas chromatograph. 
280%. The Perkin-Elmer gas  chromatograph, f i t t e d  with a 25 m x 0 .25  mm i .d  
fused si l ica column (HP-17) coated with a crosslinked 50 percent phenylmethyl- 
s i l i cone  l i q u i d  phase, was used s t r i c t l y  f o r  py/gc using a flame ioniza t ion  
de tec tor  (FID) whose output was recorded with a Perkin-Elmer Sigma 15 recording 

* b y  use of t rade  names is  f o r  descr ip t ive  purposes and does not imply 
indorsement by t h e  U.S. Geological Survey. 

The probe, with sample. was 

The in j ec t ion  por t  temperature w a s  maintained at  
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in tegra tor .  
but t h e  e f f luen t  stream w a s  s p l i t .  One pa r t  of t he  e f f l u e n t  vag swept by means 
of a helium make-up gas  i n t o  a j e t  separa tor  and i n t o  the  source of a DuPont 
490B mass spectrometer. The o the r  par t  of t h e  e f f luen t  was routed t o  an FID 
in te r faced  t o  a Perkin-Elmer Sigma 10 recording in tegra tor .  

chromatograph was heated a t  8OC/min t o  300°C t o  sweep out  compounds v o l a t i l e  at  
injection-port  temperatures. Af t e r  cooling t o  roan temperature and applying 
l i qu id  nitrogen t o  the  f ron t  end of a por t ion  of the  fused-s i l ica  column, the  
sample was pyrolyzed a t  61OoC f o r  10 sec. 
temperature-programmed from 4OoC t o  300°C a t  4OC/min. 

gc/ms system equipped wi th  an iden t i ca l  Chemical Data Systems pyroprobe and 
s imi l a r  column as  above (25m x 0.25mm SGE. BP-5). Samples were f l a s h  
pyrolyzed a t  a f i lament  temperature of 71OoC f o r  20 sec. P r i o r  t o  
temperature-programming (2Oo-8O0C a t  8OC/min) t h e  column was he ld  a t  2OoC fo r  5 
min. 
Compounds were i d e n t i f i e d  by comparing r e l a t i v e  r e t en t ion  times wi th  pyro lys i s  
da ta  i n  the  l i t e r a t u r e  (9) and by comparison t o  mass spec t r a  from the  EPA/NIH 
l i b r a r y  a s  well a s  from published data (10). Gas chromatographic peak areas 
f o r  i den t i f i ed  compounds were measured as a percentage of t h e  t o t a l  peak a rea  
ca lcu la ted  by summing areas f o r  all peaks. No cor rec t ions  were made for FID 
response f ac to r s .  

The Varian gas chromatograph was f i t t e d  wi th  t h e  same column 

Following i n s e r t i o n  of t h e  pyroprobe i n t o  the  i n j e c t i o n  por t ,  t he  gas 

The column was immediately 

Further py/gc/ms ana lyses  were performed on a Hewlett-Packard 5970B/5890 

Af ter  reaching EO0. t he  column was programmed t o  31OoC a t  4OC/min. 

RE.SUT.TS - - - - 
Peat and Brown Coal 

Representative vy/gc chromatograms f o r  mmnosperm xylem t i s s u e  buried in  _ -  - I 

peat and brown coa l  xyli te a r e  shown i n  Figure 1.- The s o l i d - s t a t e  l3C NMR 
spec t ra  f o r  these  samples a r e  shown i n  Figure 2. The buried gymnosperm xylem 
t i s sue  was shown t o  be e s s e n t i a l l y  l ign in- l ike  i n  composition (3) as indica ted  
by the  NMR peaks a t  5 6 ,  120. 135. and 148 ppm. The peaks at 72 and 106 ppm. 
minor cont r ibu tors  t o  t h e  t o t a l  peak area,  i nd ica t e  t h a t  much of t he  ce l lu los i c  
material o r ig ina l ly  present  i n  t h e  unaltered wood has been degraded and l o s t  
during bu r i a l ,  as  shown by Hedges et &.. (9).  Hatcher et &. (11). and Spiker 
and Hatcher (12). 
e s sen t i a l ly  those c h a r a c t e r i s t i c  of softwood l i g n i n  (13). Guaiacol. 4-methyl 
guaiacol. 4-ethylguaiacol, 4-vinyl guaiacol,  s - i s o e u g e n o l .  acetoguaiacone. 
and trans-coniferyl alcohol are the  major py/gc components. 
phenol, c r e so l ,  and ca techol  a s  w e l l  a s  the r e l a t i v e l y  l a rge  amounts of 
coni fe ry l  alcohol a t t e s t  t o  t h e  f a c t  t h a t  t h e  l i g n i n  is r e l a t i v e l y  undegraded 
(13). Peaks d i r e c t l y  r e l a t e d  t o  lignin-derived products methoxyphenols) 
account f o r  about 95% of the t o t a l  peak areas i n  buried wood. The broad peak 
t en ta t ive ly  i d e n t i f i e d  a s  t h a t  of 
carbohydra te - lee  ma te r i a l  is  present,  cons i s t en t  with the NMR data. 

Brown coal xy l i t e .  a log  belonging t o  t h e  Podocsrpacea family co l lec ted  
from the Pallourn seam, Morwell. Victoria,  Aus t ra l ia ,  shows an NMR spectrum 
t h a t  i s  only s l i g h t l y  d i f f e r e n t  from t h a t  of modern buried wood (Figure 2) .  
The pr inc ipa l  d i f f e rences  a r e  f o r  the  i n t e n s i t y  of methoxyl carbons a t  56 ppm 
and the peak a t  115 ppm f o r  protonated aromatic carbons ortho and pate t o  
aryl-0 carbons. The smal le r  amount of methoxyl carbons r e l a t i v e  t o  t o t a l  
aromatic carbons (100-160 ppm) f o r  the  brown coal Hylite.  compared t o  the  
modern buried wood, is an  ind ica t ion  t h a t  methoxyl groups have been l o s t  from 
l i g n i n  s t ruc tures .  
had approximately the  same amounts of methoxyl groups per aromatic ring as 

The py/gc da ta  confirm t h i s  as the  peaks i d e n t i f i e d  a r e  

The low amounts of 

levoglucosan ind ica t e s  t h a t  some 

This assumes t h a t  t h e  l i g n i n  of coniferous wood o r ig ina l ly  
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l i g n i n  from modern buried wood. 
hydrate carbon. is  s ign i f i can t ly  reduced i n  r e l a t i v e  in t ens i ty  compared t o  t h a t  
i n  the  spectrum of buried wood. 

methoxylated phenols a r e  still major components. Guaiacol, 4-methylguaiacol, 
4 ~ ~ n y l g u a i a c o l .  and ~ - i s o e u g e n o l  a r e  the  four  l a r g e s t  components l i k e  i n  
the  pyrogram fo r  modem buried wood. Other l ignin-derived methoxyphenols 
found i n  buried wood a r e  a l s o  present;  however. t he  y i e l d  of these l i g n i n  
phenols normalized t o  t o t a l  phenols is  88 percent,  s l i g h t l y  less than t h a t  of 
buried wood. Phenol and t h e  c re so l s  are r e l a t i v e l y  l a r g e r  peaks in  pyrograms of 
brown coal x y l i t e  compared t o  buried wood (Figure 1). This is evident from the  
r a t i o  of l i g n i n  phenols t o  simple phenols. 
r a t i o  i s  high but i n  the  brown coal x y l i t e  sample i t  drops t o  approximately 
ha l f  of t h e  value f o r  t h e  modern buried wood. 
by NMR and normalized t o  t o t a l  aromatic carbon i n t e n s i t y  a l s o  decreases by 
ha l f .  
groups or t ha t  methoxylated phenols a r e  being se l ec t ive ly  l o s t  during 
Coal i f ica t ion .  
smaller cont r ibu tors  t o  t o t a l  phenol y i e l d s  on pyro lys i s .  

The peak a t  72 ppm. mostly t h a t  of carbo- 

The py/gc da ta  f o r  t he  x y l i t e  brown coa l  (Figure 1) confirm t h a t  

In the  modem buried wood t h i s  

The methoxyl content determined 

This i nd ica t e s  t h a t  e i t h e r  aromatic r ings  i n  l i g n i n  a r e  lo s ing  methoxyl 

E i the r  way, t he  end r e s u l t  i s  t h a t  l i g n i n  phenols are becoming 

Ligni tes  

that shows a progressive 106s of methoxyl carbon when compared t o  spec t r a  of 
l i g n i n  o r  brown coal xylite. 
from various loca l e s  along the  eas t e rn  United S ta t e s  (2.4). and a 
representa t ive  NMR spectrum is shown i n  Figure 3 f o r  a sample co l l ec t ed  from 
the  Patapsco Formation (Cretaceous) near Landsdowne. Maryland. The aryl-0 
carbons a t  150 ppm a r e  major contributors.  and t h e  area f o r  t he  peak a t  56 ppm 
f o r  methoxyl carbon is  s m a l l  compared t o  the  a rea  f o r  aryl-0 carbons a t  146 
ppm. 
phenols. 

nearly the  same f o r  l i g n i t e  logs  as it is i n  the  modem buried wood. 
of the a rea  f o r  t h e  peak of 146 ppm t o  t h e  t o t a l  aromatic carbon a r e a  
(100-160ppm) shows t h a t  approximately 2 aryl-0 carbons a r e  present per  aromatic 
ring. 
attached oxygen (1/3 of aromatic carbons) does not  change from buried wood t o  
l i g n i t e  even though a prec ip i tous  dec l ine  i n  methoxyl groups is observed. 

demethylation reac t ion  r a t h e r  than demethoxylation and t h e  r e su l t an t  chemical 
s t ruc tu res  would resemble catechol-l ike s t ruc tu res .  

The pyrolysis da ta  f o r  l i g n i t i c  gymnosperm woods is  cons is ten t  w i th  the  NMR 
data  showing l o s s  of l ign in- l ike  components (Figure 4).  
4-methylguaiacol. 4-vinylguaiacol. and ~ - i s o e u g e n o l  a r e  s ign i f i can t  peaks 

components than they a r e  i n  buried wood o r  brown coal x y l i t e .  
eugenol and isoeugenols i n  l i g n i t i c  1086 i s  evidence t h a t  l i g n i n  e x i s t s  i n  
nearly unaltered form wi th  the  propyl s i d e  chain preserved. 

Though methoxyphenols account f o r  about ha l f  of t o t a l  phenols. t h e  presence 
of simple phenols such as  phenol, t he  c reso ls .  and dimethylphenols i nd ica t e s  
t h a t  coa l i f i ca t ion  l'eads t o  the  production of phenolic s t ruc tu res  and these  
most l i k e l y  o r ig ina t e  from methoxyphenols. As discussed above, the NMR data  
suggest t he  formation of catechol-l ike s t ruc tu res  from t h e  guaiacyl u n i t s  i n  
gymnosperm l ign in  v i a  demethylation. 
presence of catechol,  as has been reported i n  o the r  l i g n i t i c  1086 (14).  

Gymnosperm wood coa l i f i ed  t o  a rank of l i g n i t e  d i sp lays  an NMR spectrum 

The samples examined a r e  l i g n i t i c  1086 col lec ted  

This ind ica tes  t h a t  methoxylated phenols are minor compared t o  o ther  

In t ens i ty  of t h e  peak a t  146 ppm. compared t o  t o t a l  aromatic i n t ens i ty ,  is 
A r a t i o  

This i nd ica t e s  t h a t  the  proportion of aromatic carbons having an 

I This 
I l o s s  of methoxyl groups and r e t en t ion  of aryl-0 most l i k e l y  involves a 

Peaks f o r  guaiacol. , 
r but phenol. t he  c reso ls ,  and dimethylphenols a r e  much more s i g n i f i c a n t  

The presence of 

The pyro lys i s  da t a  show evidence f o r  t he  
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The presence of s i g n i f i c a n t  amounts of catechol only i n  l i g n i t i c  logs  ind ica t e s  
i t  might be d iagnos t ic  of s p e c i f i c  s t ruc tu ra l  intermediates i n  the  conversion 
of l i g n i n  phenols t o  t h e  aromatic s t ruc tu res  t h a t  a r e  dominant i n  most coals. 
Subbituminous Coal 

GynmoG-em t i s s u e  of subbituminous coa l  rank from several samples 
shows a c h a r a c t e r i s t i c  13C NMR spectrum, and Figure 3 depic t s  a representa t ive  
NMR spectrum f o r  a sample co l lec ted  from t h e  Doswell Formation (Tr iass ic )  near 
Taylorsv i l le ,  Vi rg in ia .  
but aryl-0 carbons appear as a s m a l l  peak at about 150 ppm. The i n t e n s i t y  of 
t h i s  aryl-0 peak is s i g n i f i c a n t l y  less than i n  l i g n i t e  samples described above. 
The ca lcu la ted  i n t e n s i t i e s  suggest t h a t  approximately one i n  s i x  aromatic 
carbons have an a t tached  oxygen, a s t rong  ind ica t ion  t h a t  simple phenols a r e  
primary chemical s t r u c t u r a l  elements. 
carbon is a l s o  c h a r a c t e r i s t i c  of s p e c i f i c  s t r u c t u r a l  arrangements. In  l i g n i t i c  
logs  the peak is  a t  146 ppm. a chemical s h i f t  c h a r a c t e r i s t i c  of two aryl-0 
carbons adjacent t o  each o the r  as  i n  methoxyphenols and catechols.  For logs of 
subbituminous coal rank t h i s  peak s h i f t s  t o  153 ppm which is c h a r a c t e r i s t i c  of 
aryl-0 carbons having no ad jacent  aryl-0 carbons such as simple phenols. The 
lack  of s i g n i f i c a n t  i n t e n s i t y  i n  the  N13R region of 50 t o  100 ppm suggests t h a t  
few oxygen-substituted a l i p h a t i c  carbons a r e  present  and t h a t  methoxyl groups 
a r e  gone. This suggests t h a t  the  propyl s ide  chain of l i g n i n  has beewmodified 
and t h a t  methoxyphenols are no longer present.  

The py/gc da ta  (Figure 4) confirm t h e  above NMR observations as t h e  primary 
pyro lys i s  products ( g r e a t e r  than 50 percent of t o t a l  pyro lys i s  products) a r e  
phenol. t h e  c re so l s ,  dimethyl phenols, C3-phenols. and Cq-phenols. Using 
py/gc/ms w e  were unable t o  de tec t  t he  presence of methoxyphenols c h a r a c t e r i s t i c  
of l i g n i n  o r  t h e  ca techols  as  observed i n  l i g n i t e .  It  is  l i k e l y  t h a t  t h e  
phenols o r ig ina t e  from l ign in  s t r u c t u r a l  un i t s ,  but these have been modified by 
loss of methoxyl groups. The l ack  of ca techol  i n  pyro lys i s  products of 
subbituminous logs  sugges ts  t h a t  t he  catechol-l ike s t ruc tu res  thought t o  be i n  
l i g n i t e  have been converted t o  phenol-like s t ruc tu res  v i a  loss of one hydroxyl 
group per aromatic r ing .  
show an average of 1 aryl-0 carbon per aromatic ring. 

peak i n  the  pyrogram of subbituminous logs  is i d e n t i f i e d  as  an unresolved 
mixture of 2.4-dimethylphenol and 2.5-dimethylphenol. 
suggest t h a t  t he  major cont r ibu tor  t o  t h i s  peak i s  2.4-dimethylphenol. 
overwhelming amount of 2.4-dimethylphenol. compared with o ther  dimethylphenol 
isomers. ind ica t e s  t h a t  a s p e c i f i c  s t r u c t u r a l  arrangement i s  re ta ined  during 
a l t e r a t i o n  of ca techol - l ike  s t ruc tu res  t o  phenol-like s t ruc tures .  

The primary peak is  f o r  aromatic carbons at  130 ppm. 

The exact chemical s h i f t  of t h i s  aryl-0 

This i s  e n t i r e l y  cons is ten t  with the  NMR data  which 

The major py ro lys i s  products a r e  phenol and the  cresols.  bu t  an in tense  

The py/gc/ms da ta  
The 

DISCUSSION 
Py/gc and pylgclms have proven t o  be va luable  techniques f o r  charac te r iz ing  

the  chemical composition of coal and coal macerals (5.6.9.14-16). Applying 
t h i s  technique t o  a series of h i s to logica l ly- re la ted  coa l i f i ed  logs  t h a t  
increase  progress ive ly  i n  rank has allowed us t o  char t  t h e  evolution of l i gn in  
from modern buried wood t o  subbituminous coal.  Because the  xylem t i s s u e  from 
each of t h e  samples is  from gymnosperm wood, w e  can be reasonably ce r t a in  tha t  
each sample has organic matter derived from a common component, namely l i g n i n  
composed primarily of guaiacyl s t r u c t u r a l  un i t s .  Accordingly. we can make 
comparisons among the  samples and specula te  on the  chemical transformations 
t h a t  must have occurred during c o a l i f i c a t i o n  of t h i s  gymnosperm l ign in .  Of 
course. we must assume t h a t  extraneous substances derived from non-lignin 
sources have not  been incorporated t o  any s ign i f i can t  ex ten t .  



Both the  pyro lys i s  da ta  and t h e  NMR data  shovn he re  and recent s tud ie s  
(10.11) convincingly show t h a t  wood buried i n  pea t  and i n  sediments has 
se l ec t ive ly  l o s t  most of i t s  c e l l u l o s i c  components and has re ta ined  l i g n i n  i n  a 
r e l a t i v e l y  in t ac t  form. Consequently, we f e e l  t h a t  ce l lu lose  does no t  play a 
major r o l e  i n  coa l i f i ca t ion ,  i n  con t r a s t  t o  recent  suggestions t h a t  it does 
(17). 
amounts of l i gn in ,  whereas ce l lu lose  i s  not present t o  any g rea t  ex ten t .  A 
gradual change i n  the  l i g n i n  can be discerned. This change pr imar i ly  involves 
a l t e r a t i o n  of l i g n i n  s t r u c t u r a l  u n i t s  such t h a t  t he  average number of methoxyl 
groups per aromatic r ing  decreases by ha l f ,  and peaks f o r  l i g n i n  pyro lys i s  
product6 diminish r e l a t i v e  t o  t o t a l  pyro lys i s  products. Examination of x y l e m  
t i s s u e  coa l i f i ed  t o  a higher rank of l i g n i t e  revea ls  t h a t  t he  most l i k e l y  
mechanism for  removing methoxyl groups is  by demethylation. The l i g n i n  is 
eventually transformed t o  catechol-l ike s t ruc tures .  Such a transformation 
would be  cons is ten t  with pyro lys i s  s tud ie s  showing a decrease i n  methoxylated 
l i g n i n  phenols and an increase  i n  phenols, c r e so l s ,  and catechol.  It i s  a l s o  
cons is ten t  with the  NMR data  showing a decrease i n  methoxyl carbon and a 
constant value f o r  t he  f r ac t ion  of aryl-0 carbons r e l a t i v e  t o  t o t a l  aromatic 
carbons. 

s t r u c t u r a l  un i t s  a r e  modified t o  ca techol - l ike  s t ruc tu res ,  the  samples show 
gradually decreasing proportions of pyro lys i s  products t h a t  a r e  d i r e c t l y  of 
l i g n i n  o r ig in  (e.g. methoxyphenols) and increas ing  proportions of phenol and 
catechol-based products which most l i k e l y  or ig ina ted  from l ign in .  
assumes tha t  t h i s  t rend  i s  r e l a t ed  t o  increas ing  degrees of coa l i f i ca t ion ,  then 
the  loss of methoxyphenols could be used i n  a quan t i t a t ive  sense t o  denote 
increas ing  rank. 
Cretaceous age still  have a s u i t e  of l ignin-derived pyro lys i s  products t h a t  
suggest t h a t  l i g n i n  is not ex tens ive ly  a l t e r ed .  
geochemical s t a b i l i t y  f o r  l ign in .  

s t ruc tu res  in  l i g n i t e  samples a re  l inked  by a r y l  e t h e r  bonds as in  l i g n i n  which 
shows such a l inkage (8-0-4) between t h e  C-4 phenol and the  p-carbon on t h e  
propyl s i d e  chain. 
s t ruc tu res  are. i n  f a c t ,  l inked i n  such a manner. S igni f icant  i n t e n s i t y  i n  the  
range of 60-100 ppm is a t t r i b u t a b l e  t o  a l i p h a t i c  C-0 carbons as would be 
expected from above l inkages.  

disappear en t i r e ly  and the  catechol-l ike s t ruc tu res  typ ica l  of l ignite undergo 
fu r the r  modification. The da ta  appear t o  show tha t  catechol-l ike s t r u c t u r e s  
are los ing  one hydroxyl group per aromatic ring. 
t i s s u e  having a rank of subbituminous coal a r e  p r inc ipa l ly  phenol, t h e  c reso ls ,  
dimethylphenols. Cg-phenols. and Cq-phenols. The presence of subs t an t i a l  
2.4-dimethylphenol i s  ind ica t ive  of t h e  f a c t  t h a t  the carbon l inkage  at 0 4  
assoc ia ted  with the  three-carbon side-chain of l i g n i n  i s  re ta ined .  The l ack  of 
13c NHR s igna l s  i n  the  range of 60-100 ppm suggests t h a t  t he  three-carbon s ide  
chain of l i g n i n  has been modified. probably by cleavage of t h e  8-0-4 l inkage. 

Xylem t i s s u e  coa l i f i ed  t o  a rank of brawn coa l  conta ins  r e l a t i v e l y  l a rge  

As l i g n i n  in  buried wood i s  gradual ly  transformed t o  l i g n i t e  and the  l i g n i n  

I f  one 

It is pa r t i cu la r ly  noteworthy t h a t  some l i g n i t e  samples of 

This implies a genera l ly  high 

It is  d i f f i c u l t  t o  determine from the  pyro lys i s  da ta  i f  the  ca techol - l ike  

However. the  NMR data  would imply t h a t  t he  ca techol - l ike  

As t he  xylem t i s s u e  i s  coa l i f i ed  fu r the r ,  l i g n i n  pyro lys i s  products 

F’yrolysis products of xylem 
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Figure 1.  Py/gc-ms traces of buried wood described by Hatcher et al. (3 )  
and a sample of a Podocaq$=a log  (xy l i t e )  d e s c r i b e d i r t - h e  t e x t .  
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Buried wood 

Dismal Swamp 9 140 

Figure 2. Sol id-s tate  I3C MCR spectra of buried wood and Podocarpacea log. 
Spectra are reproduced from previous publications (4.8). 

P a t a p s c o  l ignite 

146 

I 

200 100 0 ppm 

Figure 3. Sol id-s tate  NlIR spectra of samples described i n  previous 
reports (3.8) and i n  the text. 
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Figure 4 .  Pyfgc-ms t r aces  f o r  the  l i g n i t e  f r o m  the  Patapsco Formation and 
fo r  the  Tr i a s s i c  log  of subbituminous rank. 
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PREPARATION AND REACTIVITY OF LATEXES FROH LW-RANK COALS 

E.S. OLSON, J.W. DIEHL AND M.L. FROEHLICH 

U n i v e r s i t y  o f  Nor th  Dakota Energy Research Center  
Box 8213, U n i v e r s i t y  S t a t i o n ,  Grand Forks,  ND 58202 

INTRODUCTION 

The convers ion  o f  coa ls  i n t o  o i l s ,  s o l u t i o n s ,  o r  d i spe rs ions  i s  of g r e a t  
i n t e r e s t  i n  t h e  p roduc t i on  o f  new l i q u i d  f u e l s .  Th is  paper descr ibes  our  
i n v e s t i g a t i o n s  o f  t h e  convers ion  o f  low-rank coa ls  i n t o  a s t a b l e  d ispersed f o n  
which e x h i b i t s  a l t e r e d  r e a c t i v i t i e s  toward  var ious  a l k y l a t i n g ,  reduc ing ,  and 
o x i d i z i n g  reagents.  T h i s  s t a b l e  d i s p e r s i o n  o f  a s o l i d  i n  a l i q u i d  medium i s  
p r o p e r l y  c a l l e d  a l a t e x .  

E x t r a c t i o n  o f  coa l  w i t h  aqueous base such as sodium hydrox ide  fo l l owed  by 
p r e c i p i t a t i o n  by t h e  a d d i t i o n  o f  a c i d  t o  t h e  e x t r a c t  y i e l d s  da rk  m a t e r i a l  known as  
humic ac id .  Humic acid: a re  de f ined by van Kreve len  ,!l) as p l a n t - d e r i v e d  
"components which can b e  d i sso l ved  i n  a l k a l i n e  hydrox ide ,  wh i l e  o thers  rega rd  
humic ac ids  as be ing  t h e  water-  o r  base -ex t rac tab le  m a t e r i a l  f o n e d  from o x i d a t i o n  
o f  coa l  ( 2 ) .  The t e n n  i s  used bo th  f o r  t h e  produc ts  o f  t h e  decay and g e l i f i c a t i o n  
o f  woody m a t e r i a l  and t h e  p roduc ts  f rom coa l .  Since t h e  compos i t ions  o f  n e i t h e r  the  
o x i d i z e d  o r  unox id ized m a t e r i a l  a re  we l l  de f ined,  we s h a l l  use t h e  te rm i n  a general  
sense t o  mean t h e  m a t e r i a l  recovered from a c i d i f i c a t i o n  o f  base e x t r a c t s ,  a l though 
t h e  m a t e r i a l s  i n  t h i s  r e p o r t  were ob ta ined  by base t rea tments  o f  unox id ized coa ls  
c a r r i e d  ou t  i n  t h e  absence o f  o x i d i z i n g  reagents  and oxygen. The low-rank coa ls  a re  
h y d r o p h i l i c  i n  n a t u r e  owing t o  t h e i r  h i g h  concen t ra t i ons  o f  c a r b o x y l i c  a c i d  and 
hydroxy l  groups, consequent ly  they  y i e l d  s i g n i f i c a n t l y  g r e a t e r  amounts o f  humic 
ac ids  than do t h e  b i tuminous  coals.  The y i e l d s  .of humic ac ids  frm l i g n i t e s  a r e  
known t o  vary  w i t h  tempera ture  and base c o n c e n t r a t i o n  and o f  course  w i t h  t h e  degree 
o f  o x i d a t i o n  be fo re  o r  du r ing  t h e  e x t r a c t i o n .  Unox id ized Nor th  Dakota l i g n i t e s  
g e n e r a l l y  g i v e  about 4% y i e l d s  o f  humic ac ids  i n  e x t r a c t i o n s  w i t h  5% sodium 
hydrox ide  a t  ambient tempera tures  i n  12 hours. I n  c o n t r a s t ,  l e o n a r d i t e s  a re  h i g h l y  
o x i d i z e d  l i g n i t e s  and e a s i l y  conve r t  t o  humic ac ids  i n  80% t o  90% y i e l d s  ( 3 ) .  

The o b j e c t i v e  o f  t h i s  s tudy  was t o  s tudy  t h e  convers ion  o f  low- rank  coa ls  t o  
humic ac ids  under c o n d i t i o n s  o f  h igh  mass f l o w  (under  n i t r o g e n )  and t o  i n v e s t i g a t e  
t h e  na tu re  o f  t h e  humate m a t e r i a l  w i t h  rega rd  t o  s o l u b i l i t y  and r e a c t i v i t y .  The 
e f f e c t s  of  coa l  type ,  n a t u r e  o f  t he  base, and added s u r f a c t a n t  on t h e  convers ion  
were s tud ied .  

EXPERIMENTAL 

Coal samples (10 g )  were blended w i t h  5% sodium hydrox ide  o r  o the r  bas ic  
s o l u t i o n  (250 m l )  i n  a 1.25 1 k i t c h e n - s t y l e  O s t e r i z e r  p laced i n  a l a r g e  g love  bag 
under n i t r o g e n  atmosphere. Low convers ions  were ob ta ined a t  t h e  medium speed 
b lend ing  f o r  12 hours, and h i g h  convers ions  were ob ta ined  a t  t he  h i g h  speed f o r  2 
hours.  The tempera ture  o f  t he  medium r o s e  t o  about 45OC d u r i n g  t h e  e x t r a c t i o n  as a 
r e s u l t  o f  b lade  f r i c t i o n .  The blended s l u r r y  was washed i n t o  250 m l  c e n t r i f u g e  
b o t t l e s  and c e n t r i f u g e d  a t  3000 rpm i n  an I E C  Model K c e n t r i f u g e .  The supernatan t  
l a t e x  was then  c a r e f u l l y  decanted from t h e  res idue.  A n a l y t i c a l  data f o r  t h e  coa ls  
a r e  presented i n  Tab le  1. 
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TABLE 1 
ANALYTICAL DATA FOR LOW-RANK COALS 

An a1 y s i  s 

Mo is tu re  
V o l a t i l e  Ma t te r  
F i xed  Carbon 
Ash 
Carbon, maf 
Hydrogen, maf 
N i t rogen,  maf 
S u l f u r ,  maf 
Oxygen ( d i f ) ,  maf 

Beulah L i g n i t e  

28.8 
29.0 
30.8 
11.7 
69.5 
4.4 
1.0 
2.8 

22.3 

Wyodak Sub 

30.4 
30.5 
33.2 

73.5 
5.2 
1.1 
0.7 

19.5 

5 .a 

B i g  Brown L i g n i t e  

27.8 

30.0 
9.5 

69.9 
5.2 
1.2 
1.2 

22.4 

32.8 

RESULTS AND DISCUSSION 

Treatment o f  low-rank coa ls  w i t h  aqueous bas i c  s o l u t i o n s  i n  t h e  b lender  under 
n i t r o g e n  atmosphere and v e r y  m i l d  tempera tures  (45OC) gave h i g h  convers ions  t o  
p roduc ts  which were s t a b l e  t o  c e n t r i f u g a t i o n .  The res idue  o f  l a r g e r  p a r t i c l e s  which 
d i d  separa te  d u r i n g  c e n t r i f u g a t i o n  was examined by pho toacous t i c  FTIR spec t roscopy  
and mic roscop ic  pe t rog raph ic  techn iques  and was found t o  c o n s i s t  ma in l y  o f  m ine ra l s  
and l i p t i n i t e  macerals. The b lack  suspension ob ta ined  a f t e r  c e n t r i f u g i n g  and 
decant ing  from the  res idue  resembled t h e  b l a c k  humate " s o l u t i o n "  ob ta ined i n  4% 
y i e l d  by t h e  s imp le  sodium hydrox ide  e x t r a c t i o n  o f  l i g n i t e s .  The l a t e x  was examined 
i n  a s t a t i c  c e l l  o f  a low-ang le  l a s e r  l i g h t  s c a t t e r i n g  photometer. An i n t e n s e  
f l a s h i n g  o r  s p a r k l i n g  c h a r a c t e r i s t i c  o f  f i n e  p a r t i c l e  o r  c o l l o i d a l  suspensions 
(Tynda l l  e f f e c t )  was observed. Th is  c o n t r a s t s  w i t h  t h e  g lowing  spot  o f  Ra le igh  
sca t te red  l i g h t  observed f o r  methyl and a c e t y l a t e d  d e r i v a t i v e s  o f  t he  humic ac ids  
which a re  h i g h l y  s o l u b l e  i n  o rgan ic  s o l v e n t s  such as to luene ,  t e t r a h y d r o f u r a n ,  and 
d imethy l  formamide (3). 

A d d i t i o n  o f  a c i d  t o  t h e  l a t e x  r e s u l t e d  i n  p r e c i p i t a t i o n  o f  t h e  humic ac id .  
Conversions were determined f rom weight y i e l d s  o f  t h e  p r e c i p i t a t e d  humic acids a f t e r  
d r y i n g  and a re  repo r ted  i n  Tab le  2 .  A d d i t i o n  o f  t h e  a c i d  was presumed t o  n e u t r a l i z e  
t h e  nega t i ve  charges o f  t h e  ca rboxy la te  and pheno la te  an ions  o f  t h e  c o l l o i d a l  c o a l  
p a r t i c l e s  by conver t i ng  them t o  t h e  a c i d  and phenol  forms. Coagu la t i on  o f  t h e  
p a r t i c l e s  occu r red  when t h e  pH was lowered t o  about 4, where r e p u l s i v e  fo rces  o f  t h e  
remaining ca rboxy la te  a n i o n i c  groups no l o n g e r  overcome t h e  a t t r a c t i v e  fo rces  
between t h e  coal  macromolecules. 

The h ighes t  convers ions  t o  the  l a t e x  were observed f o r  t he  Beu lah  ( N o r t h  Dakota) 
l i g n i t e  where a 90% y i e l d  o f  humic ac ids  was ob ta ined  by b l e n d i n g  a t  h i g h  speed w i t h  
5% sodium hydrox ide .  Th is  c o n t r a s t s  w i t h  t h e  28% y i e l d  ob ta ined a t  medium speed 
b lend ing  o f  t he  same coa l .  It i s  be l i eved  t h a t  t h e  high-speed s t i r r i n g  i s  r e q u i r e d  
t o  i nc rease  t h e  mass f l o w  o f  aqueous base th rough t h e  coa l  pore s t r u c t u r e .  

The e f f e c t  o f  t h e  n a t u r e  o f  t h e  base used i n  t h e  b lender  t rea tment  was i n v e s t i -  
When a 5% sodium carbonate  s o l u t i o n  was used, a 27% convers ion  o f  t h e  Beu lah  

The lower  y i e l d  f o r  t h i s  base suggests t h a t  h i g h  concent ra -  
gated. 
l i g n i t e  was obtained. 
t i o n s  o f  hydroxide, as  w e l l  as t h e  h igh  mass f l ow ,  may be  e s s e n t i a l  f o r  e f f e c t i v e  
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TABLE 2 .__ - 
CONVERSIONS OF LOW-RANK COALS TO LAXTEXES 

Coal 

Beul ah 
Beulah 
Beul ah 
Beulah 
Beulah 
Beulah 
Beul ah 
Wyodak 
B i g  Brown 

B lender  Speed 

h i g h  
med 
mag. s t i r . 
h i g h  
h i g h  
h i g h  
h i g h  
h i g h  
h i g h  

Y ie ld  o f  Humic A c i d  - Base (ut.% mf )  

NaOH 90 

NaOH 4 
Na CO 27  

NaOH za 

~ ~ 2 4 0 ~ 3  11 
py r  1 d ine  7 
NaOCH3 3 
NaOH 6 5  
NaOH 81 

p roduc t i on  o f  t h e  l a t e x .  The use of sodium carbonate  o f f e r s  t h e  p o s s i b i l i t y  o f  
e a s i e r  recovery  o f  humic ac ids  f rom t h e  l a t e x  us ing  carbon d i o x i d e  t o  l o w e r  t h e  pH 
and then  regenera t i on  o f  t h e  sodium carbonate  s o l u t i o n  by hea t ing  the  recovered 
aqueous phase. The lower  convers ion  t o  t h e  l a t e x  fo rm us ing  sodium carbonate  may be  
compensated by i t s  ease o f  regenera t i on  and thus  may be use fu l  i n  coa l  c lean ing  o r  
1 i q u e f a c t i o n  process ing  o f  low- rank  coals.  Ammonium hyd rox ide  (30%) gave a conver-  
s i o n  o f  11%. Thus a mechanism i n v o l v i n g  n u c l e o p h i l i c  a t t a c k  by t h e  base does no t  
seem t o  be impor tan t .  

Yhen t h e  r e a c t i o n  o f  d r i e d  l i g n i t e  w i t h  sodium methoxide i n  methanol was c a r r i e d  
ou t  w i t h  high-speed b lend ing ,  t h e  convers ion  was i n s i g n i f i c a n t .  E s s e n t i a l l y  o n l y  
t h e  waxy ac ids  and some hydrocarbons were s o l u b i l i z e d .  Photoacoust ic  spectroscopy 
o f  t h e  coal  res idue  showed no i n c o r p o r a t i o n  o f  t h e  methanol a s  methyl es te rs  o r  
e the rs .  A n u c l e o p h i l i c  r o l e  of t h e  base i n  t h e  b lend ing  process aga in  does not seem 
l i k e l y .  Since t r a n s e s t e r i f i c a t i o n  was n o t  e x h i b i t e d  i n  t h i s  a t tempted r e a c t i o n  w i t h  
methoxide i n  methanol, it i s  u n l i k e l y  t h a t  hyd rox ide  would a c t  by an equ iva len t  
e s t e r  h y d r o l y s i s  mechanism i n  t h e  aqueous hyd rox ide  medium. No evidence e x i s t s  f o r  
t h e  presence of a s i g n i f i c a n t  amount o f  e s t e r s  i n  low-rank coa ls .  A poss ib le  
mechanism f o r  t h e  aqueous hydrox ide  r e a c t i o n  i s  t h e  base-ca ta lyzed gua iaco l  e t h e r  
c leavage demonstrated f o r  l i g n i n .  The low-rank coa ls  have smal l  amounts o f  
gua iaco ls  and presumably some r e s i d u a l  l i g n i n .  Cleavage o f  t h e  a lpha (benzy l )  
e t h e r s  of t hese  r e s i d u a l  and, t he re fo re ,  h indered s t r u c t u r e s  may r e q u i r e  t h e  h igh  
hydrox ide  concen t ra t i ons  and h i g h  mass f l o w  c o n d i t i o n s  which we know t o  be impor tan t  
f o r  breakdown t o  t h e  c o l l o i d a l  s ta te .  Breakage o f  hydrogen bonds may a l s o  be 
impor tan t .  The c r e a t i o n  o f  a h i g h l y  charged s u r f a c e  essen t ia l  t o  the  c o l l o i d a l  
fo rmat ion  was c l e a r l y  no t  poss ib le  i n  t h e  b lend ing  a t tempt  i n  methanol bu t  was 
ob ta inab le  i n  water. 

Two o the r  coa ls  were i n v e s t i g a t e d  f o r  comparison w i t h  t h e  Beulah ( N o r t h  Dakota) 
l i g n i t e .  Wyodak subb i tuminous  coa l  gave a convers ion  o f  65% w i t h  high-speed 
b l e n d i n g  i n  5% sodium hydrox ide .  A B ig  Brown (Texas)  l i g n i t e  sample i n  the  same 
c o n d i t i o n s  gave a convers ion  o f  81%. The reason f o r  t h e  l ower  convers ions  o f  these 
two coa ls  i s  no t  y e t  understood, b u t  t hese  two coa ls  a re  known t o  be more a l i p h a t i c  
and con ta in  l e s s  l i g n i n  than  t h e  Beulah l i g n i t e ,  which gave a 90% convers ion .  

P y r i d i n e  ( n e a t )  gave o n l y  a 7% convers ion .  
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The la texes  frcm t h e  Beulah l i g n i t e  were shown t o  be q u i t e  r e a c t i v e  t o  
a l k y l a t i n g  reagents. Dimethyl  s u l f a t e  was added t o  t h e  aqueous bas i c  l a t e x e s  t o  
g i v e  t h e  methyl humate d e r i v a t i v e s .  These p roduc ts  were s o l u b l e  i n  o rgan ic  
so lvents ,  bu t  i n s o l u b l e  i n  water. The mo lecu la r  weights o f  these s o l u b l e  d e r i v a -  
t i v e s  were determined us ing  low-angle l a s e r  l i g h t  s c a t t e r i n g  photometry a f t e r  
r e d u c t i o n  w i th  z inc meta l  (4). These r e s u l t s  i n d i c a t e  t h a t  t h e  m r e  severe b l e n d i n g  
Processing breaks more o f  t he  c r o s s - l i n k s  o r  b ranch-po in ts  i n  t h e  coal  s t r u c t u r e  t o  

i v e  t h e  h i g h e r  y i e l d s  o f  humic ac ids  bu t  i n  a sma l le r  s i z e  d i s t r i b u t i o n  (Tab le  3) 
?5) . The r e a c t i v i t i e s  o f  t h e  l a texes  i n  o x i d i z i n g  and reduc ing  c o n d i t i o n s  are  
c u r r e n t l y  under i n v e s t i g a t i o n .  

TABLE 3 
MOLECULAR WEIGHTS OF REDUCED METHYL HUMATE D E R I V A T I V E S  

Source o f  Humate D e r i v a t i v e  rl, ( d a l t o n s )  

High speed b l e n d i n g  (90% y i e l d )  
Medium speed b lend ing  (28% y i e l d )  
Mag. s t i r r i n g  (4% y i e l d )  

4.3 105 
8.8 x 105 
1.3 x lo6 
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QUEFACTION OF A SUBBITUMINOUS COAL: STRUCTURAL INFERENCES 
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U n i v e r s i t y  Park, PA 16802 

The c a t a l y t i c  l i q u e f a c t i o n  o f  a subbituminous coa l  has been s tud ied  i n  the 
absence o f  s o l v e n t  us ing  an impregnated s u l f i d e d  No c a t a l y s t .  
conducted f o r  va r ious  t imes a t  temperatures f rom 300-400°C. The y i e l d  and 
composit ion o f  gaseous products ,  ch lo ro fo rm-so lub le  l i q u i d s  and i n s o l u b l e  res idue  
were fo l l owed  as a f u n c t i o n  o f  t he  r e a c t i o n  cond i t i ons ,  us ing  a number o f  
techniques. 

The l i q u e f a c t i o n  process was d i v i d e d  i n t o  two d i s t i n c t  regimes t y p i f i e d  by low 
and h i g h  l i q u i d  y i e l d s  ( <  ca. 10% and > ca. 20%, r e s p e c t i v e l y ) .  
pa ren t  coal, a t  low y i e l d s  ( r e a l i z e d  a t  300"C), t he re  was l i t t l e  p roduc t i on  o f  C1-Ck 
hydrocarbons, a sharp i nc rease  i n  t h e  a l i p h a t i c  hydrogen content  o f  t he  l i q u i d s  and 
l i t t l e  change i n  the oxygen f u n c t i o n a l i t y  o f  t h e  l i q u i d s  and res idue.  

o f  t he  l i q u i d s  was reduced concomitant w i t h  an i nc rease  i n  asphaltene content .  
oxygen f u n c t i o n a l i t y  o f  t h e  l i q u i d s  and res idue  a l s o  decreased. 

res idue  have been f u r t h e r  i n v e s t i g a t e d  by pe t rog raph ic  ana lys i s  and by measurements 
o f  s w e l l i n g  i n  p y r i d i n e .  
network s t r u c t u r e  i n v o l v e s  hdyrogen-bonded cross l i nkages .  

Reactions were 

Compared t o  the 

A t  h igh y i e l d s ,  C l - C Q  p roduc t i on  increased and the  a l i p h a t i c  hydrogen content  
The 

Associated changes i n  the  s t r u c t u r e  and composi t ion o f  t he  ch lo ro fo rm- inso lub le  

The i m p l i c a t i o n s  are t h a t  a l a r g e  p r o p o r t i o n  o f  the coal  

INTRODUCTION 

I n  e a r l i e r  p u b l i c a t i o n s ,  r e s u l t s  were presented t o  descr ibe the  a p p l i c a t i o n  o f  
l ow-seve r i t y  c a t a l y t i c  hydrogenat ion i n  the absence o f  added v e h i c l e  f o r  p r o v i d i n g  
i n fo rma t ion  on coal  s t r u c t u r e  and l i q u e f a c t i o n  mechanisms (1-3) .  I n  a l l  of these 
s tud ies  the coa ls  were impregnated w i t h  a molybdenum d i s u l p h i d e  c a t a l y s t  a t  a 
l oad ing  of 1% w t  Mo (dmmf c o a l )  and reacted a t  temperatures o f  400°C and less,  where 
c rack ing  and condensat ion reac t i ons  w i l l  be minimized. 

Although the e x c l u s i o n  o f  s o l v e n t  undoubtedly c rea tes  some disadvantages (e.9. 
i n  f a c i l i t a t i n g  c a t a l y s t  d i s p e r s i o n  and e l i m i n a t i n g  a source o f  donatable hydrogen) 
and does n o t  d i r e c t l y  r e l a t e  t o  l i q u e f a c t i o n  processing, t h e  p a s t  research has shown 
t h a t  t h i s  technique o f f e r s  c e r t a i n  b e n e f i t s .  
in format ion i s  s i m p l i f i e d  i n  the  absence of s o l v e n t  and changes i n  the  phys i ca l  
p r o p e r t i e s  o f  t he  m o d i f i e d  coa ls  and i n s o l u b l e  res idues can be measured d i r e c t l y .  

The research d iscussed i n  t h i s  paper descr ibes the  r e s u l t s  o f  a s tudy o f  t h e  
l ow-seve r i t y  c a t a l y t i c  hydrogenat ion o f  a s i n g l e  subbituminous coal  a t  temperatures 
from 300-4OO0C. 
were fo l lowed as a f u n c t i o n  o f  r e a c t i o n  t ime a t  d i f f e r e n t  temperatures, us ing  
severa l  a n a l y t i c a l  and o t h e r  techniques. The p r i n c i p a l  o b j e c t i v e s  were t o  p rov ide  
i n s i g h t  i n t o  t h e  two-component coal  s t r u c t u r a l  model and the  composi t ional  changes 
associated w i t h  l i q u e f a c t i o n .  

The d e r i v a t i o n  o f  fundamental 

The y i e l d  and composi t ion o f  gaseous. l i q u i d  and s o l i d  products  
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EXPERIMENTAL 

Coal p r e p a r a t i o n  

The subbituminous coa l  was ob ta ined from the  Penn S t a t e  Coal Sample Bank. 
Proper t ies  o f  the  coa l  a re  shown i n  Table 1. 

The coal  samples were crushed t o  -60 mesh (250 microns) i n  a g love  box i n  
f low ing  n i t r o g e n  and w i t h o u t  d ry ing ,  and were subsequent ly s t o r e d  under n i t r o g e n  i n  
sealed v i a l s .  

The coal  was impregnated w i t h  molybdenum t o  a l o a d i n g  o f  1% w t  Mo (dmmf) us ing  
an aqueous s o l u t i o n  o f  a water -so lub le  molybdenum s a l t .  I n  o rder  t o  i n t r o d u c e  the  
c a t a l y s t  i n  i t s  most a c t i v e  form (MoS,) (4,5), an aqueous s o l u t i o n  o f  ammonium 
heptamolybdate, (NH4)6M07024.4H20 was used t o  produce t h e  t h i o s a l  t, (NH4),MoS4, by 
r e a c t i o n  w i t h  H,S. 
procedure has been p r e v i o u s l y  descr ibed i n  d e t a i l  (1). 

Hydrogenation r e a c t i o n  

Hydrogenation r e a c t i o n s  were performed i n  ba tch  t u b i n g  bomb r e a c t o r s  ( 6 ) .  
Experiments were conducted a t  temperatures between 300°C and 400°C f o r  residence 
t imes between 5 and 180 min. 
impregnated coal  and 0.02 cm3 o f  CS, t o  ensure t h a t  t h e  molybdenum was maintained i n  
the  f u l l y  sulphided form. 
hydrogen ( c o l d ) .  
sandbath heater  which r a p i d l y  r a i s e d  t h e  r e a c t o r  conten ts  t o  t h e  d e s i r e d  
temperature. 
a displacement o f  2.5 cm a t  a frequency o f  200 min-1. 
per iod ,  the  r e a c t o r  was removed from t h e  sandbath and quenched i n  water.  

evacuated expansion b u l b  o f  known volume. 
chromatrography t o  determine the  y i e l d s  o f  CO, CO, and C1-C4 hydrocarbons. 

ceramic th imb le  w i t h  ch lo ro fo rm and e x t r a c t e d  o v e r n i g h t  i n  a Soxh le t  apparatus. 
e x t r a c t  was f i l t e r e d  and the  recovered s o l i d s  were added t o  those i n  t h e  Soxh le t  
th imble.  The s o l v e n t  was removed from the  f i l t r a t e  and the  t o t a l  r e s i d u e  by 
evapora t ion  under reduced pressure.  
vacuum and t h e  r e s i d u e  f o r  12 h under the  same c o n d i t i o n s .  The exper imental  
r e p r o d u c i b i l i t y  f o r  conversion t o  gases and s o l u b l e  e x t r a c t  was found t o  be 23%. 

hexane-insol ub les  (asphal tenes) .  

Product analyses 

The l i q u i d  products were analyzed f o r  elemental  composi t ion,  by l H  NMR 
spectroscopy (deutera ted  ch lo ro fo rm so lvent ;  t r i m e t h y l s i l a n e  i n t e r n a l  re fe rence) ,  
and by F o u r i e r  t rans form i n f r a r e d  spectroscopy (FTIR). 

a c e t i c  anhydr ide p r i o r  t o  FTIR a n a l y s i s  i n  o r d e r  t o  f o l l o w  the  changes i n  
concent ra t ion  of -OH groups ( 7 ) .  

descr ibed by L i o t t a  e t  a l .  (8). 

The t h i o s a l t  decomposes t o  fo rm MoS, upon m i l d  heat ing .  The 

The bombs were loaded w i t h  approximately 3.5-4.5 g o f  

A f t e r  f l u s h i n g ,  t h e  r e a c t o r s  were p r e s s u r i z e d  t o  7MPa o f  
The r e a c t o r s  were heated by immersion i n  a preheated f l u i d i z e d  

A g i t a t i o n  was provided by v e r t i c a l  o s c i l l a t i o n  o f  t h e  r e a c t o r  through 
A t  the  end o f  t h e  r e a c t i o n  

The gaseous products were c o l l e c t e d  by v e n t i n g  a t  room temperature i n t o  a n  
Gas samples were analyzed by gas 

The r e a c t i o n  products remaining i n  the  bomb were r i n s e d  i n t o  a p r e - d r i e d  
The 

The e x t r a c t  was d r i e d  f o r  3 h a t  100°C i n  

The ch lo ro fo rm-so lub les  were f u r t h e r  separated i n t o  hexane-solubles ( o i l s )  and 

The ch lo ro fo rm- inso lub le  res idues  were f i r s t  d e r i v a t i z e d  by r e a c t i o n  with 

The s w e l l i n g  o f  the  res idues  i n  p y r i d i n e  was examined us ing  the  procedure 
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1 

O p t i c a l  microscopy 

have been used t o  f o l l o w  the processes i n v o l v e d  i n  the  h y d r o l i q u e f a c t i o n  o f  va r ious  
ranks o f  c o a l ,  i n c l u d i n g  subbituminous (9, lO). 
r e a c t i o n  has been moni tored by such features as t h e  p ropor t i ons  o f  undissolved 
macerals and the p roduc t i on  of  i n s o l u b l e  in termediates.  
l i q u e f a c t i o n  res idues ( b o t h  unext racted and ch lo ro fo rm- inso lub le )  were embedded i n  
an epoxy r e s i n  and po l i shed .  
r e f l e c t e d - l i g h t  microscope under o i l  immersion a t  a m a g n i f i c a t i o n  o f  400. 
Point -count  analyses were performed o n l y  on the  ch lo ro fo rm- inso lub le  res idues a t  a 
m a g n i f i c a t i o n  o f  625; 500 p o i n t s  were counted f o r  each ana lys i s .  

h i g h - r e f l e c t i n g  v i t r o p l a s t .  

The techniques o f  m ic roscop ic  examinat ion and pet rographic  po in t - coun t  a n a l y s i s  

I n  p a r t i c u l a r ,  t h e  e f f i c i e n c y  o f  

I n  t h i s  study, t he  

Examination was undertaken w i t h  a p o l a r i z i n g  

Mean r e f l e c t a n c e  de te rm ina t ions  were performed on humin i te  ( v i t r i n i t e )  and 

RESULTS AN0 DISCUSSION 

Product  y i e l d  

The e f f e c t s  o f  r e a c t i o n  temperature and res idence t ime on the  y i e l d  o f  
ch loroform-solub les produced by d r y  c a t a l y t i c  hydrogenation i s  shown i n  F igu re  1. 

The e x t r a c t  y i e l d s  i nc reased  w i t h  i nc reas ing  res idence t ime and r e a c t i o n  
temperature. A t  300"C, t h e  p roduc t i on  o f  ch loroform-solub les was low, and even 
a f t e r  extended r e a c t i o n  t h e  y i e l d  was n o t  much h ighe r  than t h a t  obta ined by Soxhlet  
e x t r a c t i o n  o f  t he  pa ren t  coal  (4.4% dmmf). 
c a t a l y t i c  and n o n c a t a l y t i c  r e a c t i o n s  showed t h a t  t he  presence of the c a t a l y s t  d i d  
n o t  s i g n i f i c a n t l y  a f f e c t  t he  l i q u i d  y i e l d .  

min a t  400°C the e x t r a c t  y i e l d  was about 65%. Taken toge the r  w i t h  t h e  gas y i e l d  
t h i s  means t h a t  a lmost  80% o f  the  coal was conver ted t o  gaseous and s o l u b l e  l i q u i d  
products  under these m i l d  r e a c t i o n  cond i t i ons .  
hydrocarbons a t  l ow  e x t r a c t  y i e l d s  ( <  IO%), i n d i c a t i n g  t h a t  t he re  was r e l a t i v e l y  
l i t t l e  crack ing a t  300'C. 
conversions. 

Composit ion o f  l i q u i d s  

A t  low l i q u i d  y i e l d s  ( <  l o % ) ,  t he re  was a sharp increase i n  the hydrogen 
con ten t  and the  H/C atomic r a t i o  o f  t he  ch loroform-solub les compared t o  t h a t  o f  t h e  
pa ren t  coal  e x t r a c t ,  F i g u r e  2. 
changes i n  the  o i l  t o  asphal tene r a t i o .  The r a t i o  increased from a va lue  o f  0.8 i n  
t h e  pa ren t  coal  e x t r a c t  t o  8.0 a t  a y i e l d  of about 10% be fo re  f a l l i n g  t o  ca. 1.0 a t  
y i e l d s  above 20%. 

Analyses o f  the l i q u i d s  by 1H NMR showed t h a t  the i n i t i a l  r i s e  i n  hydrogen 
con ten t  was due t o  the  presence o f  polymethylene chains.  The l i b e r a t i o n  o f  l o n g  
c h a i n  alkanes on l i q u e f a c t i o n  and p y r o l y s i s  has been observed by o t h e r  workers 

A t  t h i s  temperature, a comparison of 

Higher y i e l d s  o f  e x t r a c t  p roduc t i on  were measured a t  350 and 400'C. A f t e r  180 

There was l i t t l e  p roduc t i on  o f  l i g h t  

The y i e l d s  o f  these gases increased a t  h ighe r  

I t  was a l s o  found t h a t  t he re  were corresponding 

(11-13). 

A t  conversions g r e a t e r  than 20% ( 1  i q u i d  y i e l d )  the a l i p h a t i c  hydrogen content  

E v i d e n t l y  t he re  i s  a sharp demarcation between the events which take p lace  a t  

was reduced from about 10.5% t o  6.5%. 

l o w  and a t  h igh  convers ions.  
c o a l  s t r u c t u r e ,  i t  can be argued t h a t ,  f o r  t he  coal  s tud ied  here, the observed 

I n  t h e  c o n t e x t  of t h e  mobi le  phase/network concept o f  
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boundary represents the limit of the mobile phase, beyond which the additional 
products derive from the substantial breakdown of the network. 

Composition and swelling behavior of residues 

( <  IO%), there was little change in the absorption bands attributed to the 
derivatized -OH groups. 
disappearance of -OH groups with increasing conversion. 

chloroform-soluble liquids is shown in Fig. 3 .  
extract composition in going from low to high conversion (as seen by the results of 
elemental analysis, 1H NMR and oil/asphaltene ratio) the swelling ratio increased 
sharply at low conversion, passed through a maximum and fell to much lower values at 
conversions greater than 20%. Duplicate experiments confirmed that these data were 
reproducible. 

appreciable change in the OH content compared to that of the parent coal. 
substantial removal of functional groups would be expected to reduce the extent of 
hydrogen bonding and lower the swelling ratio. 

the removal of polar groups and the progressive reduction in the concentration of 
vitrinite in the residue. 

Petrographic analysis of residues 

Analyses of the acetylated residues by FTIR showed that, at low conversions 

Above, about 20% liquid yield, there was a rapid 

The change in the swelling ratio of the residues with conversion to 
In parallel with the changes in 

At low conversions, the FTIR analyses showed that there did not appear to be an 
The 

At higher conversions, two factors probably contribute to the reduced swelling, 

The products from the hydrogenation experiments contained the following organic 
unreacted huminite (vitrinite) macerals, unreacted liptinite petrographic entities: 

macerals, unreacted inertinite macerals, low-reflecting vitroplast, and 
high-reflecting vitroplast. Vitroplast is a pitch-like isotropic material which is 
derived either directly from the melting of vitrinite and other macerals, mainly 
from coals of bituminous rank, or from the liquid products of dissolution. 
Lor-reflecting vitroplast was observed to have been formed within disintegrating 
huminite after hydrogenation for 5 min at 400°C. Such material was observed only in 
the unextracted whole products and is believed to be part of the extractable liquid 
products; it was no longer present in the residues of chloroform extraction prepared 
for petrographic point-count analysis. However, certain of these latter residues 
did contain high-reflecting vitroplast; this material is thought to have been 
rendered less soluble as a result of thermal treatment. 

Table 2 gives the results of the point-count analyses on the chloroform- 
insoluble residues. It shows that with increasing severity of reaction conditions, 
liptinite disappears, huminite decreases substantially, inertinite shows an overall 
increase, and the high-reflecting vitroplast, which appears when the reaction 
temperature reaches 4OO0C, also increases. 
explanation for the change in swelling characteristics o f  the residues illustrated 
in Fio. 3 .  
shown'by the huminite and huminite-derived fraction; it assumes that the inertinite 
is non-swelling and that the huminite structure in unaltered. This theoretical 
curve indicates that for the milder conditions (up to 400°C; 5 min), the swelling of 
the humitic materials remains high. Only where this material becomes more highly 
reflecting (Table 2) does the swelling show a substantial decrease (continuous line, 
Fig. 3 ) .  
depleted in polar side groups and it is this paucity of crosslinks which results in 
a lowering of the swelling properties. 
residues from the more severe treatment conditions have been progressively a1 tered, 
as shown by their reflectances (Fig. 4). 

These results suggest a partial 

The dotted line in this figure represents the swelling which would be 

Such residue components together with the inertinite are though to be 

Further, the unreacted huminites in the 

Consequently, oxygen-containing functional 
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groups would have been g r a d u a l l y  e l i m i n a t e d  from the  h u m i n i t e  s t r u c t u r e  as a r e s u l t  
o f  the  r e a c t i o n ,  as supported by t h e  FTIR spec t ra  o f  t h e  residues. 

SUMMARY 

The r e s u l t s  o f  t h i s  research have shown t h a t  two regimes o f  l i q u e f a c t i o n  can be 

A t  l o w  convers ion  (about  10%) l i q u i d s  and gases a r e  apparent ly  l i b e r a t e d  e i t h e r  

d is t ingu ished.  

through t h e  r e l e a s e  of  p h y s i c a l l y  t rapped m a t e r i a l s  o r  through the  r u p t u r e  o f  weak 
l inakges .  
e x t r a c t a b l e  l i q u i d s  a r e  h i g h l y  p a r a f f i n i c .  There was no s i g n i f i c a n t  change i n  the  
concent ra t ion  o f  f u n c t i o n a l  groups i n  t h e  ch lo ro fo rm- inso lub le  products.  

Only smal l  q u a n t i t i e s  o f  C I - C ~  hydrocarbons a r e  produced and the  

A t  h i g h e r  conversions (>  20%), t h e r e  were severa l  n o t a b l e  changes i n  t h e  
composi t ion and p r o p e r t i e s  o f  the  ch lo ro fo rm-so lub le  l i q u i d s  and t h e . i n s o l u b l e  
residues and an i n c r e a s e  i n  the  produc t ion  of h i g h e r  hydrocarbon gases. I t  i s  
considered t h a t  t h e  1 i o u i d s  produced a t  h i g h  c o n w r s i o n s  were s u b s t a n t i a l l y  der ived  
f rom the  coa l  network and t h a t  t h e  abrupt  change i n  p r o p e r t i e s  between low and h igh  
y i e l d s  i s  r e p r e s e n t a t i v e  of a boundary, based upon behav io ra l  c h a r a c t e r i s t i c s ,  
between t h e  mob i le  and network phases. 

in t ra -ne twork  cross-1 i n k i n g  i n  t h i s  coa l  invo lves  hydrogen bonding. 

humin i te  ( v i t r i n i t e )  and l i p t i n i t e  a re  p r o g r e s s i v e l y  l o s t  as r e a c t i o n  c o n d i t i o n s  
become more severe. 
i n e r t i n i t e  and h i g h - r e f l e c t i n g  v i t r o p l a s t ,  an i s o t o p i c  p i t c h - l i k e  m a t e r i a l  generated 
as a p a r t  o f  the  p r o d u c t  o f  d i s s o l u t i o n .  
components would c o n t r i b u t e  t o  t h e  decrease i n  s w e l l i n g  behav io r  o f  the  residues, i t  
appears t h a t  a l o s s  o f  hydroxy l  groups from the  humin i te  i s  a ma jor  f a c t o r  i n  t h i s  
change. 

The r e s u l t s  o f  t h e  s w e l l i n g  experiments suggest t h a t  a l a r g e  p r o p o r t i o n  o f  the 

Petrographic examinat ion  and po in t -count  a n a l y s i s  o f  t h e  res idues  shows t h a t  

T h i s  t r e n d  i s  accompanied by increases i n  the  propor t ions  o f  

Al though an inc rease i n  these l a t t e r  

' I  

I 
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TABLE 1 
Coal Proper t ies  

Penn Sta te  Sample Bank No. 

Seam - Anderson 
county - Campbell Co. 
S t a t e  - Wyoming 
Prov ince  - Northern Great P la ins  
ASTM rank c l a s s  - sub E. 
Mo is tu re  content,  % w t  (a . r . )  - 23.3 
Minera l  Matter,  % w t  d r y  coal  - 11.9* 

Elemental Composition % dmnf 
C 73.0 
tI 4.5 
G** 20.4 
N 1.2 
S 0.9 

Maceral Ana lys is  % vo l  
V i  tr i n i  t e  87 
E x i n i  t e  2 
I n e r t i n i  t e  11 

S u l f u r  Forms ( %  d r y  c o a l )  
Organic 1.2 
P y r i t i c  c.3 
S u l f a t e  0.05 

Tota l  1.55 

*Reported as ASTM "Ash" 
**By D i f f e r e n c e  

TABLE 2 

Pet rograph ic  Analyses o f  Chloroform-insoluble Residues 

Temperature Time Unreacted Unreacted Unreacted High-Ref lect ing 
"C min. Y i e l d  Huminite, % L i p t i n i t e ,  % I n e r t i n i t e ,  % V i t r o p l a s t .  % 

300 5 3.37 87 8 5 0 

300 60 6.46 86 7 7 0 

350 60 34.69 85 6 9 0 

400 15 44.47 63 0 10 27 

400 30 50.09 55 0 12 33 
400 60 60.65 41 0 8 51 
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INVESTIGATIONS OF ANODICALLY OXIDISED COAL 

Shashi B. L a l v a n i  

Southern I11  i n o i s  U n i v e r s i t y  - Carbondale 
Carbondale, I l l i n o i s  62901 
Telephone: (618) 536 - 2396 

Dept. o f  Mechanical Engineer ing & Energy Processes 

A number o f  s t u d i e s  c a r r i e d  o u t  on the  e l e c t r o l y s i s  o f  coa l  i n  
bas ic  media(1-7) suppor t  t he  conc lus ion  t h a t  e l e c t r o x i d a t i o n  o f  coa l  i n  
NaOH forms s o l u b l e  products  s i m i l a r  t o  humic ac ids.  Upon f u r t h e r  
e l e c t r o l y s i s  the  humic a c i d s  - l i k e  m a t e r i a l  decomposes t o  l i b e r a t e  COP 
a t  the anode. Hydrogen i s  l i b e r a t e d  a t  t h e  cathode w i t h  h i g h  e f f i c i e n c y  
and, depending upon the  e l e c t r o d e  p o t e n t i a l  and o t h e r  c o n d i t i o n s ,  
r e l a t i v e l y  small amounts o f  O2 and t r a c e s  o f  CH4 and C2H2 fo rm a t  t he  
anode. D i f f e r e n t  c e l l  geometr ies have been explored,  r a n g i n g  from a 
s t i r r e d  - c e l l  r eac to r (1 -5 )  t o  a r e a c t o r  w i t h  an anode made o f  
a n t h r a c i t e  coa l (6 ) ;  o t h e r  e l e c t r o d e s  which have been used i n c l u d e  P t ,  
graphi te ,  Pb and N i .  The e f f e c t  o f  c a t a l y s t s ,  such as vanadium 
pentox ide and c o b a l t  c h l o r i d e ,  on t h e  o x i d a t i o n  r a t e s  have a l s o  been 
s tud ied (3 ) .  Some researchers (3 )  r e p o r t e d  t h a t  h o r i z o n t a l  e l e c t r o d e s  
caused h i g h e r  r a t e s  o f  coa l  convers ion than v e r t i c a l  e lec t rodes .  
Belcher(4)  c h a r a c t e r i z e d  the  va r ious  coa l  e l e c t r o l y s i s  p roduc ts  by 
separa t i ng  them i n t o  acetone - s o l u b l e  and acetone - i n s o l u b l e  
products. Khundkar(5) showed t h a t  pea t  d i s p l a y s  h i g h e r  e lec t rochemica l  
a c t i v i t y  than coal  under s i m i l a r  cond i t i ons .  Excep t ing  r e c e n t l y  
repo r ted  work(7) coa l  e l e c t r o l y s i s  has u s u a l l y  been done 
g a l v a n o s t a t i c a l l y .  S e n f t l e  and coworkers(6)  argued t h a t  OH' r a d i c a l s  
are the  most probable agents f o r  hydrogen a b s t r a c t i o n  and/or a d d i t i o n  
t o  aromat ic r i ngs .  I n  a d d i t i o n  t o  c o n t a i n i n g  an e x c e l l e n t  r e v i e w  o f  t h e  
o x i d i s i n g  species formed d u r i n g  the e l e c t r o l y s i s  o f  water,  t h i s  
paper(6) a l s o  g i ves  some exper imenta l  da ta  as t o  t h e  p roduc ts  o f  coa l  
e l  e c t r o l y s i  s. 

The p resen t  s tudy r e p o r t s  more d e t a i l s  as t o  p roduc ts  formed 
d u r i n g  coa l  e l e c t r o l y s i s  i n  bas i c  media and cons ide rs  v a r i o u s  p o s s i b l e  
r e a c t i o n  pathways f o r  e lec t rochemica l  o x i d a t i o n  o f  coa l .  Constant  
p o t e n t i a l s  were employed i n  t h i s  work and the  r e a c t i o n  p roduc ts  were 
analysed by FTIR, and f o r  elemental  composi t ions.  

React ion mechanisms o f  coa l  o x i d a t i o n  by e l e c t r o l y s i s  a r e  n e i t h e r  
very w e l l  understood nor  w i d e l y  s tud ied.  Guidance may be gleaned, 
however, f rom a number o f  exper imenta l  i n v e s t i g a t i o n s  o f  t h e  mechanism 
of the o x i d a t i o n  o f  coa l  by chemical reagents.  It has been reasoned 
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from such r e s u l t s  t h a t  f ree  rad ica ls  formed during the ear ly  stages 
combine t o  form l a r g e r  e n t i t i e s ;  then t h i s  i s  followed by an 
essent ia l l y  ox ida t ive  - hydro ly t i c  process i n  l a t e r  stages(8). For 
example, a i r  - ox ida t ion  makes coal increasingly soluble i n  a l k a l i  
during the l a t e r  stages w i th  u l t imate  conversion o f  about 20 - 30% (wt) 
of the carbon t o  carbon - oxides and about 40 - 50% o f  the hydrogen t o  
water(8). The so lub i l i sed  por t ion  o f  the coal, considered t o  be "humic 
acid" i s  spectroscopical ly s im i l a r  t o  the parent coal molecule except 
f o r  increased concentrations o f  oxygen - r i c h  funct ional  groups, 
including phenolic -OH, -COOH and =CO (ketone and/or quinone). The 
l i m i t i n g  elemental compositions o f  these humic acids depend strongly on 
the temperature o f  ox ida t ion  and vary s l i g h t l y  w i th  the rank o f  the 
coal : 

Humic ac id  i s  a term usual ly appl ied t o  ce r ta in  dark amorphous 
substances which occur i n  so i l ,  peat and low - rank coal. Humic ac id  
are a l k a l i  - soluble, can be prec ip i ta ted  by acids, and have molecular 
weights i n  the range o f  20,000 - 50,000 daltons(9). A " t yp i ca l "  humic 
acid has a "core" which i s  p a r t l y  aromatic i n  nature w i th  other 
s t ruc tu ra l  features derived from l i gn in ,  e.g. phenols and 
resorcinol  ~ ( 9 ) .  I n  addi t ion,  alcohol, carboxyl, carbonyl and quinoid 
groups and he terocyc l i c  ni t rogen are present i n  humic acids. 

t o  produce low molecular weight water - soluble acids. A l l  the aromatic 
carboxyl ic acids (w i th  the exception o f  benzoic acid), oxal ic,  succinic 
and acet ic  acids have been iden t i f i ed (9 )  i n  the products. Intense 
oxidat ion o f  coal i f  ca r r i ed  out f o r  a s u f f i c i e n t l y  long  time, consumes 
intermediate products such as humic acids and y ie lds  COP and H 0 as 
ul t imate products(9). Rates o f  coal ox ida t ion  are accelerated 2y higher 
temperatures and higher oxygen p a r t i a l  pressures. A t  even higher 
temperatures above 250 OC i n  a i r ,  a v i r t u a l  low - temperature 
combustion sets in.  Humic acids are used as d r i l l i n g  muds, b o i l e r  scale 
removers, pigments f o r  p r i n t i n g  inks, c a r r i e r s  o f  f e r t i l i z e r s  and 
growth hormones f o r  plants,  t ransporters o f  t race  minerals i n  s o i l  and 
so i l  condi t ioners.  

The r a t e  o f  ox ida t ion  o f  coal i s  enhanced by the presence o f  
a l ka l i .  When coal i s  s l u r r i e d  w i th  aqueous sodium hdroxide and reacted 
with oxygen under pressure, and a t  temperatures up t o  200 OC, the 
organic po r t i on  o f  the coal i s  completely so lub i l i zed  and la rge  amounts 
of aromatic carboxy l i c  ac ids ( l l , l 2 )  are formed. Th i r t y  t o  f o r t y  - f i v e  
percent of the t o t a l  carbon i s  recovered as carboxyl ic acids, and the 
remainder i s  converted t o  carbon dioxide. Jensen e t  a1.(13) proposed 
tha t  w i th  coal i n  afr .  the predominant primary process i s  rap id  
generation of humic acids fo l lowed by decomposition o f  the carboxyl 
groups. I n  wet oxidat ion,  the humic acids are presumed t o  form a t  the 
outer regions o f  the par t i c les .  The humic acids then dissolve and get 
further oxidised i n  the homogeneous so lu t ion  phase, thereby exposing 
fresh reac t ive  surface on the shr inking coal p a r t i c l e  f o r  cont inuing 

aqueous NaOH a t  50 t o  100 OC i s  discussed i n  de ta i l  by Den0 and 
coworkers(l4). 

The humic acids formed by ox id is ing  coal can be oxidised fu r ther  

primary" oxidat ion.  This mechanism f o r  the ox ida t ion  o f  coals i n  

108 



EXPERIENTAL 

North Dakota l i g n i t e  o f  p a r t i c l e  s ize l e s s  than 77 um was 
electrolysed i n  1 M  NaOH a t  room temperature i n  a s t i r r e d  reac tor  made 
o f  Pyrex, using P t  electrodes. Experimental de ta i l s  and proper t ies  Of  
the l i g n i t e  are given elsewhere(7). 

The l i g n i t e  was weighed before and a f t e r  the e lec t ro lys is .  A f te r  
e lec t ro lys is ,  the sol i d  residue was f i l t e r e d  from the s lu r ry ,  washed 
w i th  d i s t i l l e d  water and dr ied  under vacuum a t  40 OC. The aqueous 
f i l t e r a t e  was a c i d i f i e d  therby causing a p rec ip i t a te  t o  form and gases 
t o  evolve. The gases produced dur ing t h i s  operation were co l l ec ted  and 
analysed. The two sol i d  products (so l  i d  e lec t ro lysed 1 i g n i t e  residue 
and prec ip i ta te  from a c i d i f i e d  e lec t ro l y te )  were character ized by 
transmission measurements using a N ico le t  7199 Four ie r  Transform 
In f ra red  Spectrometer (FTIR); these samples were a1 so subjected t o  
elemental analysis using a Perkin Elmer Model 240 analyzer. The parent 
l i g n i t e  was s i m i l a r l y  subjected t o  FTIR invest iagat ions and elemental 
analysis. 

RESULTS AND DISCUSSIONS 

When l i g n i t e  was e lec t ro lysed i n  1M NaOH s l u r r i e s  using P t  
electrodes, products s im i la r  t o  humic ac id  were produced i n  add i t i on  t o  
CO , H2, r e l a t i v e l y  small amounts o f  O2 and traces o f  CH and C2H2. The 
po ten t ia l  applied t o  the c e l l  inf luences the production % i s t r i b u t i o n ;  
f o r  example, increasing the electrode po ten t ia l  from 1.2 V t o  2.5 V vs. 
SCE gave correspondingly greater humic ac id  production(7). Increasing 
the po ten t ia l  s t i l l  fu r ther ,  however, lowers the amount o f  humic a c i d  
formed. 

Elemental Analysis o f  Reacted Coal ______-____------_____---_-------- 
Table I provides a comparison o f  the elemental analyses o f  

e lectrolysed l i g n i t e s  w i th  those o f  a v i r g i n  l i g n i t e  and a l i g n i t e  t h a t  
had been treated w i th  1M NaOH f o r  24 hours bu t  not electrolysed. The 
most s t r i k i n g  feature o f  the data seems t o  be the monotonic decrease o f  
the oxygen content o f  the residual  pa r t i cu la te  mater ia l  as electrode 
po ten t ia l  i s  increased. The decrease o f  oxygen content o f  the p a r t i a l l y  
reacted 1 i g n i t e  pa r t i c l es  w i th  increasing electrode po ten t ia l  may wel l  
be re la ted  t o  the greater s o l u b i l i t y  o f  the more oxygen - r i c h  
fragments produced dur ing e lec t ro lys is .  The outermost oxidised por t ions  
o f  the coal pa r t i c l es  may be viewed as possessing la rge  populat ions o f  
carboxyl ic groups which render them p o t e n t i a l l y  a l k a l i  - soluble. As 
these oxidised outer por t ions  dissolve i n  the basic e lec t ro ly tes ,  the 
inner coal residue would become r e l a t i v e l y  r i c h e r  i n  carbon and poorer 
i n  oxygen. Figure 1 shows one hypothet ical  course o f  such a reac t i on  i n  
basic e lec t ro ly tes  i n  which nuc leoph i l i c  add i t ion  o f  OH- a t  an 
a l i pha t i c  carbonyl causes an adjacent C-C bond t o  rupture, thereby 
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1 
producing a s o l u b l e  c a r b o x y l i c  f ragment and an i n s o l u b l e  res idue r i c h e r  
i n  C and H than t h e  i n t i a l  composi t ion.  The r e s u l t  i s  t h a t  a molecule 
near t h e  sur face  o f  t h e  coa l  p a r t i c l e  breaks a long an a l i p h a t i c  l i n k a g e  
t o  leave a r e l a t i v e l y  oxygen - poor  res idue on t h e  coa l  p a r t i c l e  w h i l e  
c o n t r i b u t i n g  a so lub le ,  oxygen - r i c h ,  humic - a c i d  - l i k e  f ragment t o  
t h e  e l e c t r o l y t e  s o l u t i o n .  The l a r g e r  p o p u l a t i o n  d e n s i t i e s  o f  c a r b o x y l i c  
groups produced a t  h i g h e r  p o t e n t i a l s  w i l l  have a g r e a t e r  tendency t o  
decarboxyl ate. Such behav io r  probably  under1 i e s  the  i n c r e a s i n g  
produc t ion  o f  C02 w i t h  p o t e n t i a l  ( 7 ) .  

FTIR Resu l ts  ------------ 
Transmission i n f r a r e d  spec t ra  of t h e  p a r e n t  l i g n i t e  and i t s  

r e a c t i o n  p r o d u c t i o n  were ob ta ined u s i n g  a N i c o l e t  Model 7199 F o u r i e r  
Transform I n f r a r e d  Spectrophotometer.  The i.r. beam was passed through 
p e l l e t s  prepared f rom a dry ,  f i n e l y  ground (20 minutes i n  a "Wig-L- 
Bug") coal  sample (10 mg) mixed w i t h  300 mg o f  KBr. T h i r t e e n  - mm 
diameter p e l l e t s  were pressed i n  an evacuated d i e  under 20,000 l b s  
pressure f o r  one m inu te  and d r i e d  o v e r n i g h t  a t  105 OC. The spec t ra  o f  
t h e  samples wer  c o r r e c t e d  by s u b t r a c t i n g  background absorp t ion  i n  the  
2000 - 4000 cm-f reg ion .  

I n  the  i.r. spectrum o f  v i r g i n  NDL coal  i n  F i g u r e  2 v a r i o u s  peaks 
are  assigned as shown based on t h e  work o f  Bouwman(l5). A very  low 
s i g  a l / n o i s e  r a t i o  i s  observed f o r  wave numbers g r e a t e r  than about  3600 
cm-'. This  i s  a t t r i b u t e d  t o  s c a t t e r i n g  and low i n  e n t s i t y  o f  t h e  i.r. 
source i n  t h i s  r e g i o n .  The broad band a t  3400 a r i s e s  f r o m  hydrogen 
bonding i n v o  v i n g  hydroxy l  groups i n  f r e e  o r  bound H 0. Bands a t  2920 
and 2860 cm-I (due t o  -CH s t r e t c h i n g  v i b r a t i o n s ) ,  i d i f a t e  the presence 
o f  a l i p h a t i c  hydrocarbon species. The band t 2360 cm' i s  a t t r i b u t e d  
t o  the presence o f  C02 and t h a t  a t  1700 cm-* can be assigned t o  the  
carbonyl  C=O s t r e t c h i n g  v i b r a t i o n  of, e.g., c a r b o x y l i c  ac ids;  the  
l a t t e r  i s  a r e l a t i v e l y  small  pea! i n  most c o a l s  i n c l u d i n g  the NDL used 
here. The band a t  about  1600 cm- i n  F i g u r e  2 (and which can occur 
anywhere between 1580 - 1620 cm-') i s  c h a r a c t e r i s t i c  o f  s o l i d  
carbonaceous system and i s  u s u a l l y  a t t r i b u t e d  t o  the  r i n g  v i b r a t i o n s  i n  
po ly -nuc lear  condensed aromat ic  carbon s t r u c t u r e s .  C o n t r i b u t i o n s  can 
a l s o  occur i n  t h i s  r e g i o n  from a t tenua ted  carbonyl  v i b r a t i o n s  o f  
compounds i n  which i n t r a m o l e c u l a r  H-bonding b r i d g e  fo rmat ion  takes 
p l a c e  between t h e  -OH and the -C=O group, e.g., 

OH 0 
I ii - c - c -  
I 

The bands a t  1440 and 1380 cm-' correspond r e s p e c t i v e l y  t o  the presence 
of CH2 and CH3 groups (C-H bonding v i b r a t i o n s ) .  A roTa t i c  s t r u c t u r e s  (C- y in -p lane bending)  can a l s o  c o n t r i b u t e  t o  1440 cm' band. The 1250 cm- 

and 750 cm-' are d i f f i c u l t  t o  ass ign  b u t  are b e l i e v e d  t o  a r i s e  from 
band can e ass igned t o  the  C-0-C e t h e r  group. The bands a t  910, 800 
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minerals i n  the coal samples and out-of-plane C-H bending i n  aromatic 
structures. The most notable observations from a comparison o f  the i.r. 
spectra of :  (1) l i g n i t e  cont.acted w i th  NaOH bu t  not electrolysed, (2) 
residual l i g n i t e  pa r t i c l es  a f t e r  e lec t ro l ys i s  a t  3.1 V vs. SCE and (3) 
of the humic ac id  - l i k e  products formed from the coal and l a t e r  
p re f ip i ta ted  from the e lec t ro l y te  i s  the la rge  i n tens i t y  i n  the 1700 
cm- region (carbonyl band) f o r  the dissolved residue compared t o  much 
lower i n tens i t i es  f o r  both the residual  l i g n i t e  pa r t i c l es  and the 
parent l i g n i t e .  This indicates t h a t  the oxidised por t ion  o f  the coal 
gets disfolved from the coal p a r t i c l e s  i n t o  the basic e lec t ro ly te .  The 
1700 cm- band i s  also enhanced f o r  the s o l i d  residue a f t e r  
e lec t ro l ys i s  bu t  not near ly as much as f o r  the soluble residue. The 
insoluble s o l i d  residues from e lec t ro lysed l i g n i t e  were also Soxhlet 
extracted w i th  an equivolumetric mixture o f  benzene and ethanol (16). 
The i.r. spectra o f  these residual  so l ids  a f t e r  ex t rac t ion  showed 
greater oxygen func t i ona l i t y  than the corresponding sol i d s  remaining 
a f te r  the parent l i g n i t e  was extracted i n  the same way. 

Using the 1580 - 1620 cm-l band as an in te rna l  standard 
representative o f  the aromatic po r t i on  o f  the coal, the 117 o/I1600 
i n tens i t y  r a t i o  gives a qua l i t a t i ve  measure o f  the extent o? the 
carbonyl f unc t i ona l i t y  i n  the coal. The i n t e n s i t y  r a t i o  113 o/I1600 
and, t o  some extent the I o/I1600 ra t i o ,  are i nd i ca t i ve  09 the 
content o f  alkane groups(!8. Figures 3 and 4 show the va r ia t i on  o f  
these in tens i t y  r a t i o s  o f  the s o l i d  residue a f t e r  e lec t ro l ys i s  as a 
funct ion o f  e lectrode po ten t ia l .  The curve f o r  the 11700/11690 r a t i o  
suggests tha t  the oxygen content increases w i th  an increase n the 
electrode potent ia l ,  reaches a maximum due t o  the formation o f  carbonyl 
groups and then declines w i th  fu r the r  increase i n  po ten t ia l .  The l a t e r  
decrease i n  the r a t i o  could be a t t r i b u t e d  t o  the d isso lu t ion  o f  
carboxyl ic mater ia l  i n  NaOH where i t  reacts v i a  Kolbe's mechanism t o  
form CO ; Figure 5 shows a monotonic dependence o f  C02 production on 
the appeied electrode po ten t ia l .  The va r ia t i on  o f  the 11380/11 00, and 

/I 600 r a t i o s  w i th  the electrode po ten t ia l  permit  speculation tha t  
?Re lower po ten t ia ls  the soluble products t h a t  d issolve away from 

the s o l i d  pa r t i c l es  are more aromatic than the l i g n i t e ;  t h i s  
d isso lu t ion  process then leaves behind s o l i d  par t i c les ,  the surfaces o f  
which get r e l a t i v e l y  higher i n  alkane concentrations as the electrode 
po ten t ia l  increases. Increase o f  e lectrode po ten t ia l  beyond the maxima 
of Figures 3 and 4 may cause add i t iona l  oxidat ion o f  the surface alkane 
groups t o  soluble products o r  COP, thereby reducing the r e l a t i v e  alkane 
in tens i t y  observed a t  h igher potent ia ls.  

CONCLUSIONS 

The nature o f  coal ox ida t ion  products i s  a strong funct ion of the 
applied elctrode po ten t ia l .  As the ox id is ing  power i s  increased, oxygen 
containing funct ional  groups are formed on the surface o f  coal, 
however, a f u r the r  increase i n  the electrode po ten t ia l  resu l t s  i n  
formation o f  a l k a l i  - soluble carboxyl ic groups leav ing  behind an 
oxygen - poor reacted coal pa r t i c l e .  The research work t o  date suggests 
tha t  by se lec t ive ly  con t ro l l i ng  the electrode po ten t ia l ,  desirable coal 
oxidat ion products may be obtained. 
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Figure 3. FTIR band intensity ratios o f  insoluble lignite residues as 
a function o f  electrode potential. Experimental conditions 
as in Table 1. 
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as a function o f  electrode potential .  
conditions as in Table 1. 
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F igu re  5 .  I n f l u e n c e  o f  p o t e n t i a l  on amount o f  COP l i b e r a t e d  a f t e r  
a c i d i  f i c a i t o n  o f  e l e c t r o l y t e .  Exper imental  c o n d i t i o n s  
as i n  Table 1. 
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EXPLOSIBILITY OF VICTORIAN BROWN COAL DUST 

F WOSKOBOENKO 

STATE ELECTRICITY COMMISSION OF VICTORIA 
HOWARD STREET, RICHMOND, 3121. VICTORIA, AUSTRALIA 

ABSTRACT 

The e x p l o s i b i l i t y  of  Vic tor ian  brown coa l  d u s t s  has been inves t iga ted  i n  a wide 
range of equipment. including the  1.2 dm’ Hartmann bomb and the  20 l i t r e  spherical  
bomb. 
explosions and empir ical  r e l a t i o n s  between Hartmann bomb and Spherical  bomb r e s u l t s  
c i t e d  i n  the  l i t e r a t u r e  a r e  not  v a l i d  f o r  brown coal. Explos ib i l i ty  increases  with 
decreasing moisture content  and p a r t i c l e  s i z e  and Increases  with increasing 
v o l a t i l e  mat te r  content .  

The Hartmann bomb ser ious ly  underestimates t h e  s e v e r i t y  of brown coal dust 

1 INTRODUCTION 

Dust explosions can occur i n  any industry t h a t  handles f ine-par t icu la te  combustible 
mater ia l  and t h e  coa l  indus t ry  is no exception. I n  the  period 1972 t o  1977 there  
were 39 major coal  mine explosions throughout the world and these caused 1901 
deaths  (1).  

I n  Victor ia ,  Aus t ra l ia ,  brown coa l  is mined a t  a r a t e  of about 38 mil l ion  tonnes 
per  annum, about 90% of  t h i s  is used t o  generate  power and about 10% is briquet ted.  
There have been many examples of minor brown coa l  dust  explosions ( 2 ) ,  for tuna te ly ,  
so f a r  there  has  been only one f a t a l i t y .  

For a dust explosion t o  occur the  following condi t ions muat preva i l :  

The dust  must be combustible and be suspended i n  an atmosphere capable of 
supporting flame. 

The dus t  must have a p a r t i c l e  s i z e  d i s t r i b u t i o n  capable of propagating 
flame. 

The concentrat ion of dust  must be within i t a  explos ib le  range. 

An i g n i t i o n  source of s u f f i c i e n t  energy t o  i n i t i a t e  flame propagation must 
be present .  

The only e x p l o s i b i l i t y  work previously reported f o r  Victor ian brown coa l  was 
c a r r i e d  o u t  by Al la rd ice  (3) who used a modified Hartmann apparatus  (1.2 dm9 bomb). 
This  work was of a prel iminary na ture  and was necessar i ly  l imi ted  i n  scope. 
importantly, i t  has s i n c e  been demonstrated t h a t  small explos ib i l i ty - tes t ing  
apparatus, such a s  the  Hartmann bomb, s i g n i f i c a n t l y  underestimate explosion 
sever i ty  (4). Therefore, t h i s  inves t iga t ion  w a s  undertaken t o  obta in  s u f f i c i e n t  
quant i ta t ive  e x p l o s i b i l i t y  da ta  t o  design and operate  p lan t  f o r  handling Victorian 
brown coal. 

More 

2 EXPERIMENTAL 

A wide range of e x p l o s i b i l i t y  t e s t s  were car r ied  out on dusts  prepared from Mowell 
run-of-mine coa l  and t h e  two extremes i n  coal  type from the Yallourn f i e l d ,  v iz . ,  
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Yallourn pale and dark lithotypes. 
yield dust at least as fine as that which accumulates on ledges in coal preparation 
plant. Standard SECV procedures were employed to obtain complete proximate, 
ultimate, minerals-inorganics. physico-chemical and particle size analyses for all 
dust samples. 
complete analyses are available elsewhere (2). 

The apparatus used in the explosibility tests included : 1.2 dm’ vertical tube 
(VT), modified Godbert-Greenwald furnace (GGF), 1.2 dm9 Hartmann bomb (HB) and 
20 dm9 spherical bomb (SB) (Figure 1) .  

The explosibility parameters measured and the apparatus used were : Tmin - minimum 
ignition temperature (GGF). Emin - minimum ignition energy (VT), Cmax - maximum 
explosible concentration (SB). [O,]lim - limiting oxygen concentration to prevent 
ignition (VT). Pmax - maximum explosion pressure (HB and SB) and (dP/dt)msx - 
maximum rate of pressure rise (HB and SB). Most of these parameters are self 
explanatory. however, full details of the apparatus, procedures and parameter 
definitions are available in the literature ( 2 ,  5. 6). Many of the pressure rise 
tests were carried out both in the HB and SB in order to establish whether for 
brown coal there is a quantitative relationship between the results obtained from 
these bombs. 

Air-dry samples were exhaustively ground to 

Some of the key analytical data are shown in Table 1, whilst 

3 RESULTS AND DISCUSSION 

The two parameters used to measure explosion severity (Pmax and (dP/dt)max) are 
readily obtained from a pressure-time curve as in Figure 2. The bulk of the 
results of this investigation are discussed in terms of these two parameters and 
the explosibility dust constant (Kst). 

3.1 Explosibility Dust Constant 

From extensive gas and dust cloud explosibility tests carried out in vessels 
ranging in volume from 1 x lo-’ to 60 m2, Bartknecht (4) has shown that, provided 
conditions such as concentration. pressure and ignition characteristics remain 
constant, as the volume of the bomb increases the maximum explosion pressure is 
essentially constant. but the maximum rate of pressure rise is related to bomb 
volume by the following equation: 

(dP/dt)max.V1l3 - KSt 
where V - volume of vessel (m9) 

KSt = explosibility dust constant (bar.m.s-’) 

Equation 1 is known as the cube-root law and it applies to spherical vessels that 
have a capacity of at least 16 dm’ and a strong ignition source. The German dust 
explosibility classification system is based on KSt values as follows: 

KSt (bar.m.s-’) Dust Explosion Class (St) 

0 
0 - 200 
200 - 300 
> 300 
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St 0 Non-explosive 
St 1 Explosive 
St 2 Strongly explosive 
St 3 Extremely explosive 



3.2 The Model 

A quant i ta t ive  model of t h e  combustion process i n  a brown coa l  dust  explosion i s  
beyond the scope of t h i s  study. 
events  i n  a c o a l  dust  explosion, which i s  based on a model proposed by Hertzberg 
(7 ,  l o ) ,  w i l l  be  used t o  r a t i o n a l i s e  the  r e s u l t s  obtained i n  t h i s  study: 

However. the  following s impl i f ied  sequence of 

Removal of adsorbed water  from surface. 
Devola t i l i sa t ion  of the p a r t i c l e .  
Mixing of v o l a t i l e s  with a i r .  
Combustion of s i r l v o l a t i l e  mixture. 
Oxidation of char  subs t ra te .  

The processes which quench propogation a r e  a complex combination of convective, 
conductive and r a d i a t i v e  hea t  t r a n s f e r  from the  burnt  products t o  the unburnt 
p a r t i c l e s  and t h e  surrounding gases. 

3.3 The Effect  of Coal Dust Concentration on Explos ib i l i ty  

Dust /a i r  mixtures, l i k e  g a s / a i r  mixtures. a r e  only explosible  within a c e r t a i n  
concentrat ion range. 1.e. there  i s  a minimum and a maximum explosible  
concentration. 
i t s  chemical composition, but a l s o  on the p a r t i c l e  s i z e  d i s t r i b u t i o n .  i g n i t i o n  
energy, moisture content  and p a r t i c l e  s t r u c t u r e  - porosi ty .  sur face  a rea  and shape. 
The e f f e c t  of dus t  concentrat ion on Pmax and (dP/dt)max f o r  a i r -dry Morwell coal  i s  
shown i n  Figure 3. 

A t  concentrat ions below Cmin, the  heat  l ibera ted  from the  combustion of t h e  
p a r t i c l e s  near t h e  i g n i t i o n  source is not s u f f i c i e n t  t o  i g n i t e  adjacent  p a r t i c l e s ;  
consequently flame propagation does not  occur. For t h e  dus ts  tes ted ,  Cmin ranged 
between 0.09 and 0.20 kg m-’ f o r  the pale  (60% v o l a t i l e s )  and dark (51% v o l a t i l e s )  
l i tho types  respec t ive ly  (Table 3) .  Once the dus t  concentrat ion exceeds Cmin, flame 
propagation i s  favoured and t h e  flame speed increases  with coal  dust  concentration 
(Figure 3). The explosion s e v e r i t y  peaks a t  a dus t  concentrat ion (Cex) of 
0.50 kg m-’. The s to ich iometr ic  r a t i o s  of t o t a l  fuel/oxygen and v o l a t i l e  matter*/ 
oxygen are  0.15 and 0 .20  kg m-’ respect ively,  1.e. a s i g n i f i c a n t  quant i ty  of f u e l  
i s  not consumed i n  t h e  explosion. With gas mixtures, which a r e  homogeneous a t  a 
molecular leve l ,  the  explosion s e v e r i t y  peaks a t  the  s toichiometr ic  r a t i o .  
However, for  the  two phase dust  dispers ions t h e  r a t e  of oxidat ion i s  l imited by the  
r a t e  a t  which t h e  p a r t i c l e s  a r e  heated and devola t i l i sed .  thus Cex occurs a t  a 
concentration above t h e  s to ich iometr ic  r a t i o .  

A t  f u e l  concentrat ions above Cex the sever i ty  of the  explosion decreases  s ince  the 
excess fue l  a c t s  a s  a h e a t  s ink  and reduces the  maximum temperature r i s e .  
quenching e f f e c t  of t h e  excess f u e l  increases  a s  the dus t  concentrat ion increases  
u n t i l  at the upper explos ib le  l i m i t  no flame propagation occurs. I n  prac t ice  i t  i s  
very d i f f i c u l t  t o  measure Cmax owing t o  the d i f f i c u l t y  of obtaining a uniform, dust 
concentrat ion throughout the  vesse l .  
d ispers ion,  w h i l s t  turbulence r e s u l t s  i n  concentrat ion s t r a t i f i c a t i o n  ( 9 ) .  
Therefore, the  upper e x p l o s i b i l i t y  l i m i t  should be regarded a s  a guide t o  Cmax and 
not  an absolute measurement. 
7.0 kg m-’, whi l s t  t h e  zero moisture coal  was s t i l l  explos ib le  a t  the maximum 
concentrat ion achievable  i n  t h e  apparatus (10 kg m-’) . 

The v a l u e s  of t h e  e x p l o s i b i l i t y  l i m i t s  f o r  a dust  depend mainly on 

The 

Agglomeration of t h e  dust  i n h i b i t s  

For air-dry Morwell coa l  Cmax w a s  found t o  be  

* For rapid heat ing r a t e s  (% 104”C s-l), such a s  these experienced i n  a dust  
explosion, Vic tor ian  brown coa l  produces about 70% v o l a t i l e  mat ter  (8). 
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3.4 

Ignition and flame propagation in a dust cloud may take place if the temperature of 
the Cloud is raised above Tmin or if there is a local input of high energy, for 
example a spark with an energy greater than Emin. 
and Emin were determined to be 390°C and 50 mJ respectively. 

Since explosibility 1s dependent upon the type of ignition aource and its energy 
the HB tests were carried out with high energy spark ignition (Q 10 J) and hot coil 
ignition. it is clear 
that within the experimental scatter the two types of ignition yield the same 
results. With the SB two 5 KJ chemical igniters were used since it has been 
demonatrated that this yields the same results as high energy spark ignition ( 4 ) .  

A technique commonly employed in industry to prevent dust cloud ignition is gas 
inertion. 
by self-inertion in a sealed silo. For Morwell air-dry coal [O.llim is 13% Vol. 

Ignition of Brown Coal Dust Clouds 

For air-dry Mowell coal Tmin 

The results shown in Figure 4 are typical for the HB tests; 

With brown coal this may be achieved by the introduction of N, or CO, or 

4 

3.5 The Effects of Moisture Content, Particle Size 

It is clearly established from the literature that explosibility increases as the 
dust particle size or moisture content decreases. These tests were carried out 
with ultrafine dust. maaa-median diameters (Dm) of 13 and 21 um. in order to obtain 
the data for the most hazardous industrial situation. Moisture contents were 
varied between the equilibrium (14% H,O) and 0% H,O. 
explosibility tests are shown in Figure 5 and Table 3. 

The following conclusions can be drawn: 

The results of the HB and SB 

The HB seriously underestimates the severity of brown coal dust 
explosions. Over the moisture range tested Pmax is underestimated by 2.0 
to 2.5 bar. whilst the "apparent" HB KSt is under-estimated by factors of 
6 to 13. 

Pmax increases marginally as the moisture content decreases. 

The explosion severity increases linearly with decreasing moisture 
content. The transition from the explosive (Stl) to the strongly 
explosive (St2) category occurs at about 4% moisture. 

Th; explosion severity increases marginally when Dm 1s reduced from 21.4 
to 13.2 um, 1.e. for these very small particle sizes moisture content has 
a much greater impact on explosibility than does particle size. 

The rate of devolatilisation and combustion of brown coal is dependent on the 
effective surface area of the dust. which in turn is dependent on particle size, 
porosity. moisture content and internal surface area. 
dusts the moisture content is the dominant factor. Hertzberg (7. 10) claims that 
for mass-median diameters of less than 40 um the explosibility-particle size 
dependence disappears and that the gas phase combustion of the volatiles is the 
rate controlling step. 
it acts as a fuel dilutant and as an inertant. but more importantly it reduces the 
effective solid-air interfacial surface area. The dry Mowell coal has a porosity 
of 41% and a surface area of 213 m'g-l, however. at equilibrium moisture content 
the coal has an adsorbed multilayer of water which is 3-4 molecules thick, 1.e. 
the micropores are completely water filled. 
prior to devolatilisation and oxidation and will thus reduce the coal flammability. 

For these extremely fine 

The coal moisture reduces flammability in a number of ways, 

Clearly this water has to be desorbed 
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Complete removal of t h e  equi l ibr ium moisture was found t o  increase the  explos ib le  
concentration range from 0.16 - 7.0 t o  0.10 - >10 kg m-’. 
only accounts f o r  0.01 kg m-’ of t h e  d i f fe rence  i n  Cmin and only about 3% of the  
heat  l ibera ted  i n  combustion is absorbed by the water  vapour. 
equi l ibr ium moisture  does not s i g n i f i c a n t l y  a l t e r  t h e  dust  d i spers ion  
c h a r a c t e r i s t i c s  t h e  major impact of the moisture is t o  reduce i g n i t i o n  s e n s i t i v i t y .  

The f u e l  d i l u t i o n  e f f e c t  

Since the  

3.6 Effec t  of Bomb Size  

From Equation 1 i t  can be seen t h a t  f o r  v e s s e l s  l a r g e r  than 16 dm’ explosion 
sever i ty  (dP/dt)max) decreases  a s  t h e  bomb s i z e  increases .  
t h e  Hartmann apparatus ,  have a la rge  surface area t o  volume r a t i o  and there  a r e  
la rge  heat  losses  a t  t h e  wal l s  of t h e  bomb. Consequently. small bombs under- 
es t imate  explosion sever i ty .  
determine explosion r e l i e f  vent  a reas  by the  vent r a t i o  method (10). However, i n  
recent  times there  have been a number of attempts t o  obtain a q u a n t i t a t i v e  
re la t ionship  between 1.2 and 20 dm’ bomb d a t a  (e.g. 
ul t imate  objec t ive  of such s tudies  is t o  develop procedures which allow t h e  
Nomograph method of  vent ing (11) t o  be appl ied t o  Hartmann bomb data .  The 
re la t ionship  proposed i n  References 11 and 12 is shown i n  Figure 6. From t h i s  
f igure  it can be seen t h a t  f o r  the  var ious moisture content  Morwell coa l  dus ts  
there  is a l i n e a r  r e l a t i o n s h i p  between (dP/dt)max HB and K SB. however i t  is 
c l e a r  t h a t  the  more explos ib le  brown coa l  dus ts  do not  con?hm t o  t h e  proposed (11. 
12) l i m i t .  

The brown coa l  r e s u l t s  show t h a t  for a s i n g l e  mater ia l  of t h e  same p a r t i c l e  s i z e  
the  “apparent” K 
moisture contentshecreases (i.e. as the e x p l o s i b i l i t y  increases) .  However, a t  
t h i s  s tage ,  there  is i n s u f f i c i e n t  brown c o a l  data  t o  e s t a b l i s h  a r e l i a b l e  
c o r r e l a t i o n  between SB and HB r e s u l t s .  
t h a t  there  is no one simple cor re la t ion  between 1.2 and 20 dm’ bomb r e s u l t s  f o r  
d u s t s  of d i f f e r e n t  chemical or physical  composition. It should be s t ressed  tha t  
t h e  proposed S t l  e x p l o s i b i l i t y  l i m i t  based on t h e  Hartmann d a t a  (11, 12) are not 
v a l i d  f o r  Victor ian brown coal. Moreover, ex t rapola t ion  of the  brown coa l  da ta  
shown i n  Figure 6 suggests  t h a t  a more explosible  brown coa l  (e.g. zero moisture 
pa le  l i tho type)  may i n  a c t u a l  f a c t  f a l l  i n t o  the upper S t2  or lower S t3  range and 
ye t  the  proposed HB l i m i t  could c l a s s i f y  such a dus t  a s  S t l ;  
c l a s s i f i c a t i o n  such a s  t h i s  could have ca tas t rophic  consequences i n  an i n d u s t r i a l  
appl ica t ion .  

Small bombs, such a s  

The da ta  obtained from the  HB a r e  f requent ly  used t o  

References 11 and 12). The 

HB is underestimated by f a c t o r s  of ranging from 13 t o  6 as the 

These brown coa l  r e s u l t s  h ighl ight  the  f a c t  

an incor rec t  

3.7 Effect  of Coal Type 

Owing t o  d i f fe rences  i n  hardness. porosi ty .  and equi l ibr ium moisture content  
(Table 1) i t  was not  poss ib le ,  or des i rab le ,  t o  test the  d i f f e r e n t  a i r -dry coal  
types at prec ise ly  the same condi t ions.  Despite t h e  above d i f fe rences  it was found 
t h a t  the  d i f fe rences  i n  t h e  e x p l o s i b i l i t y  parameters were too  l a r g e  t o  be 
a t t r i b u t e d  to  t h e  e f f e c t s  of moisture and p a r t i c l e  s i z e  alone. I n  terms of each of 
the  parameters Cmin. Pmax, (dP/dt)max and KSt, the  e x p l o s i b i l i t y  increased going 
from dark l i tho type  t o  ROM t o  pa le  l i tho type  coal. This t rend can be a t t r i b u t e d  t o  
a combination of physico-chemical f a c t o r s ,  however. the  major f a c t o r  is high 
l i p t i n i t e  content  of t h e  pa le  l i tho type .  
dark l l tho types  is 26.4 and 2.2% respect ively.  consequently the pa le  l i tho type  coal  
has  a high v o l a t i l e  mat te r  content  and s p e c i f i c  energy (Table 2 ) .  
although the  dark l i t h o t y p e  coal  has  the highest  surface a res .  i t  has  the  lowest 
porosi ty  and t h e  h ighes t  equi l ibr ium moisture content .  
e x p l o s i b i l i t y  with increas ing  v o l a t i l e  matter content  is cons is ten t  with t h e  
l i t e r a t u r e  (e.g. 13) and t h i s  is t h e  keystone t o  many of t h e  postulated dus t  

The l i p t i n i t e  content  of the  pa le  and 

Furthermore, 

This increase  i n  
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explosibility models. In these models (e.g. 7. 10) it is presumed that only the 
volatile matter is consumed in an explosion and that the role of the less reactive 
material, the char, is that of a heat sink. Such models fail to recognise the 
importance of the physical structure of the particle. 
the coal has two main effects on combustion. 
devolatilisation, and ultimately the rate of combustion, is dependent upon the pore 
size distribution of the coal. For example, combustion ignition tests on single 
particles of brown coal have shown that for a single coal sample the ignition time 
is inversely related to porosity (14). 
substrate to direct oxidation increases markedly as the porosity or surface area 
increases. 
are essentially composed of carbon (> 90% C. * 1% volatiles) and yet in all 
respects the char is much more explosible. The reactivity of the char is much 
higher than that of the anthracite because of its higher porosity (% 40% cf 10%) 
and surface area (* 600 cf 400). 
oxidation of the char is the initial flame front may contribute to the 
explosibility of brown coal. 
It is concluded that the explosibility of brown coal increases as the porosity 
increases due to the enhanced rate of volatile release and the possibility of an 
increase in the rate of oxidation of the resulting char in the flame front. 

The physical structure of 
Firstly. the rate of 

Secondly. the reactivity of the char 

For example, both the brown coal char and anthracite listed in Table 3 

It is therefore not unreasonable to suppose that 

However. this has yet to be experimentally verified. 

3.8 

The explosibility parameters for 8 wide range of coal based dusts are as given in 
Table 3, the dusts have been ranked in terms of their explosibility dust constants 
KSt or their Hartmann (dP/dt)max values. 
parameters the Victorian brown coal dusts are the most hazardous of the dusts 
listed. 

The US Bureau of Mines has developed a series of empirical explosibility indices 
based on the explosibility parameters of Standard Pittsburgh Coal (SPC) (Table 3). 
These indices take into account both ignition sensitivity and explosion severity. 
The indices enable qualitative comparisons of explosibility hazards to be made, 
however, they are limited in their usefulness since they are based on HB data. 
indices for air-dry Morwell and Yallourn pale lithotype* coal are given below. 

Hazard Rating of Victorian Brown Coals 

In terms of these explosion severity 

' 

The 

MORWELL ROM YALLOURN 
PALE LITHOTYPE 

Ignition sensitivity Weak 
Explosion severity Moderate 
Explosibility index Moderate 

Moderate 
Severe 
Moderate 

It is concluded that at equilibrium moisture content Momell-brown coal is at least 
as hazardous as SPC and German brown coals, whilst the pale lithotype or oven dried 
coals are significantly more hazardous than SPC. 
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TABLE 1 : EXTRACT OF PHYSICO-CHEMICAL ANALYSES 

Sample Volatile Specific C 
Designation Matter Energy 

( X )  (MJIkg) 

Morwell - ROM (1) 49.5 27.6 69.9 

Yallourn - PL 59.7 28.8 70.2 

Yallourn - DL 50.6 26.7 68.2 

E 

H so 

5.0 0.28 

6.0 0.25 

4.8 0.25 

Sample 
Designation 

Yallourn - PL 11.4 

Yallourn - DL 14.8 

( X  Vol) 

1.4 50.1 

0.9 35.8 

EMC - Equilibrium moisture content, HI - Hardgrove index, P - Total porosity, 
S - Surface area, I - Ignition index, ROM (1) - Mowell Run Of Mine Coal Sample 1, 
PL - Pale Lithotype. DL - Dark Lithotype. 

TABLE 2 : EXTRACT OF CHEMICAL ANALYSES (DRY MINERAL AND INORGANIC FREE BASIS) 

So - organic sulphur. 

IGNITION LEADS dlz--- 
Figure 1 - Twenty litre 

spherical bomb. 
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Figure 2 - Typical pressure- 
time curve for 
Ysllourn dark v) 

lithotype coal 
dust. 
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Figure 3 - The dependence of 
explosibility on 
coal dust 
concentration. 

(Mowell air-dry coal, Dm = 
21.4 um, 20 dm' bomb data.) 

Figure 4 - The effect of 
ignition source on 
dust explosibility. 

(Air-dry Morwell coal. 1.2 dm9 
bomb.) 

0 spark ignition 
hot coil ignition 
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